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 The electrodeposition of metallic phases, also known as electroplating, has been rigorously 
studied since its inception in 1805, yielding a great deal of fundamental knowledge and numerous 
practical products (e.g., corrosion-resistant coatings, catalysts, and consumer goods). Following 
the nano-revolution in the mid-20th century, prodigious resources have been devoted to control the 
surface coverage, size, and elemental composition of metal nanoparticles, which represent the 
functional unit of an electrodeposited film. These efforts aim to overcome the tendency for 
nanoparticles to nucleate and grow on energetically favorable surface sites, diffusion-layer overlap 
between neighboring particles, and variation in ion reduction kinetics, phenomena which result in 
coverage, size, and stochiometric heterogeneity, respectively. This dissertation describes a method 
termed nanodroplet-mediated electrodeposition, wherein the electrodeposition reaction is 
confined within single aqueous nanodroplets. By emulsifying precursor-loaded aqueous 
nanodroplets into an immiscible solvent such as 1,2-dichloroethane, nano-reactors may be 
generated which, upon collision with an electrode surface, undergo electrodeposition to form 
single nanoparticles with relative control over coverage and size compared to classical 
electrodeposition. The addition of a viscous component (e.g., glycerol) to the nano-reactors 
permits the quantification of single nanoparticle growth kinetics as the electrochemical signal is 
monitored using stochastic collisions at ultramicroelectrodes. Furthermore, the addition of 
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multiple metal precursors to the nano-reactors allows multi-metallic high-entropy nanomaterials 
to be synthesized, which may be practically applied for bifunctional water electrolysis. Thus, novel 
fundamental knowledge and practical materials have been generated by this method, highlighting 
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CHAPTER 1 - INTRODUCTION TO NANOELECTROCHEMISTRY 
 




This dissertation begins with an introductory discussion of the fundamental principles of 
electron transfer at heterogeneous interfaces, as well as some historical context, for the interested 
reader. Readers familiar with the concepts of potentiostats, voltammetry, amperometry, and 
stochastic collision methods are welcome to move directly to Chapter 2, which discusses the 
technical details of the methods used herein.  
Within the field of analytical chemistry, electrochemistry is uniquely capable of 
extremely high sensitivity,1-12 tunable selectivity, and excellent spatiotemporal resolution with 
applications ranging from in vivo glucose sensing to electrocatalytic nanomaterial synthesis.13-17 
Electrochemical measurements can be used to identify various analyte characteristics, such as 
diffusion coefficient, analyte concentration, and the number of electrons transferred, following 
the general reduction of a species O to a species R through the addition of n electrons and 
assuming reactants and products are freely-diffusing species:  
𝑶 + 𝒏𝒆− ⇌ 𝑹      Eq. 1.1 
The ability to accurately measure the signal generated from such a reaction depends on the 
electrochemical instrumentation employed. Modern electrochemical measurements are generally 
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conducted using three-electrode potentiostats, which employ a working electrode, a counter 
electrode, and a reference electrode to monitor the current or potential produced from an 
electrochemical reaction.18 Of particular interest is a technique known as cyclic voltammetry 
(CV), where the current (i) is measured while scanning the potential (E) from E1 → E2 → E1. 
The counter electrode completes the circuit in this configuration, allowing current to flow from 
the working electrode to the counter electrode or vice versa. In the case of voltammetry with a 
three-electrode cell, the potential applied to the working electrode, which drives the redox 
reaction of interest, is compared to a known redox chemistry at the reference electrode (e.g., 
normal hydrogen electrode (NHE), saturated calomel electrode (SCE), or silver/silver chloride 
electrode (Ag/AgCl)). This comparison establishes a reference point in the voltammogram 
against which measurements can be reproduced. It is important to realize that without a defined 
chemical equilibrium against which to reference the reaction, the potential response (i.e., the x-
axis of the CV) is relative to the experiment and cannot be related to the electrochemical series 
of standard electrode potentials. In this case, the term quasi-reference electrode is used to 
indicate a reference electrode without a defined equilibrium. 
 The output of a typical CV experiment on a carbon macroelectrode (r = 1.5 mm) is 
shown in Figure 1.1. The peak position and CV shape allow for characterization of both single 
and multi-analyte solutions. The example CV in Figure 1.1 shows the oxidation of ferrocene 
methanol to ferrocenium methanol and subsequent reduction back to ferrocene methanol in an 
aqueous solution. The interested reader is referred to prior educational literature describing the 
CV shape.18, 19 For a Nernstian, one-electron transfer process occurring on a macrodisk electrode, 
the peak oxidative or reductive current is governed by the Randles-Sevcik equation:  
𝒊𝒑 = 𝟐𝟔𝟖, 𝟔𝟎𝟎𝒏
𝟑/𝟐𝑪∗𝑨𝑫𝟏/𝟐𝒗𝟏/𝟐    Equation 1.2 
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where n is the number of electrons per mol, C* is the bulk concentration of the analyte, D is the 
diffusion coefficient of the analyte, A is the electrode area, and v is the scan rate. By varying the 
CV scan rate in a solution of known concentration, number of electrons transferred per molecule, 
and electrode area, the diffusion coefficient for a given species can be extracted.  
 
Figure 1.1 – Classical Macrodisk Voltammogram – Reaction scheme and cyclic 
voltammogram for ferrocene methanol oxidation to ferrocenium methanol. Starting point was 0 
V vs Ag/AgCl, plotted in Texas convention. Working and counter electrodes were a 1.5 mm 
glassy carbon disk and glassy carbon rod, respectively. Scan rate was 50 mV/s. 
 
 Before moving forward, it is necessary to comment on the sign convention in 
electrochemistry. While the IUPAC convention is to plot anodic (positive) potentials to the right, 
cathodic (negative) potentials to the left, the opposite convention also persists in the literature 
(sometimes referred to as Texas convention). This convention comes from the Heyrovsky days 
of polarography. In polarography, the hanging mercury drop electrode was most frequently used, 
and this electrode itself can be easily oxidized. As a result, only cathodic (negative potentials, 
negative current) electrochemistry could be physically observed, requiring data to be plotted in 
 4  
 
the third quadrant. Therefore, the previously discussed convention was established to conserve 
space by reversing the signs and plotting cathodic data in the first quadrant.  
Similar to cyclic voltammetry at a macrodisk electrode (Figure 1.1), current-potential 
measurements can be conducted on ultramicroelectrodes with diameters less than 25 µm (about 
half the diameter of a human hair) to probe electrochemical and physical properties. Of note, 
given the small electroactive surface area of an ultramicroelectrode, a steady-state current is 
reached at the electrode surface nearly instantaneously upon reaching the oxidation potential 
with a current controlled by radial diffusion of analyte to the electrode surface given by:  
𝒊𝒔𝒔 = 𝟒𝝅𝒏𝑭𝑪
∗𝑫𝒓𝑼𝑴𝑬     Equation 1.3 
Where n, F, D, and C* are as previously defined, and rUME is the radius of the 
ultramicroelectrode. This equation is only valid for ultramicroelectrodes of a specific geometry 
(disc, rinsulator > 10 x rUME) but can be separately derived for different geometries.
20 For redox 
processes at the surface of an ultramicroelectrode under radial diffusion control, the 
concentration gradient does not change with time. For a 7.5 mM solution of potassium 
ferrocyanide, the steady-state voltammogram at a ultramicroelectrode is presented in Figure 1.2 
with a calculated diffusion coefficient value of 7.60 x 10-6 cm2/s.21 
 
Figure 1.2 – Classical Microdisk Voltammogram – Voltammogram of 7.5 mM potassium 
ferrocyanide solution oxidized at a 5 µm radius platinum ultramicroelectrode with a steady state 
current of ~ 11 nA. The scan rate was 50 mV/s.   
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1.1.2 Radial vs Semi-Infinite Linear Diffusion 
 
 Electrochemistry at the interface of large metal electrodes has been investigated for 
centuries.22 When used for CV experiments, these macroelectrodes produce a colloquial duck 
shape in the resultant plot of current as a function of applied potential, which results from the 
changing concentration profiles of analyte at the electrode surface with time. For instance, when 
a potential sufficient to drive the reduction of a freely diffusing analyte O is applied to the 
electrode, the surface concentration of O decreases as it is converted to R. At the same time, O is 
continuously diffusing to the electrode surface from the bulk solution. Due to the large, planar 
area of the electrode, the diffusion path of O is essentially perpendicular to the electrode surface 
at any given point. This concept is termed semi-infinite linear diffusion, where semi-infinite 
represents the idea that the electrode extends infinitely in all directions from a molecular 
perspective as O diffuses to the surface (except when that molecule approaches the very edge of 
the electrode, hence semi-infinite), and linear indicates the two-dimensional perpendicular 
diffusion path of O. The concentration profiles about the electrode surface generated by semi-
infinite linear diffusion behavior are changing with time (i.e., the exhaustion layer for O is 
expanding outward from the electrode), giving rise to the oxidation and reduction peak shape in 
classical voltammograms. 
 
Figure 1.3 – Semi-Infinite vs Radial Diffusion – Schematic representation comparing the 
diffusion profiles about macro and ultramicroelectrodes. From this representation, a semi-infinite 
linear diffusion profile will result in a colloquial duck shape voltammogram, whilst an 
ultramicroelectrode’s radial diffusion profile will result in a sigmoidal voltammogram. 
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 As the electrode is made smaller, the fraction of O diffusing to the edge of the electrode 
increases. Eventually, a new diffusion profile is generated where O may diffuse to the electrode 
surface radially, greatly accelerating the rate of replenishment for O at the surface following 
reduction to R. Thus, the concentration profiles adjacent to the electrode surface do not change 
with time at commonly used scan rates (i.e. 50-100 mV/s), simplifying the mathematical 
treatment (Figure 1.3). This new diffusion profile manifests in the voltammogram as a sigmoidal 
curve, where the final current magnitude is termed the diffusion-limited current. It should be 
noted that steady-state behavior is not solely dependent on electrode size but also the scan rate of 
the experiment. At sufficiently fast scan rates, the steady-state voltammogram for a 
microelectrode will develop “peaks” characteristic of macro electrodes. This is due to the 
dependence of the diffusion layer thickness on scan rate. At sufficiently small diffusion layers, 
mass transfer resembles semi-infinite linear diffusion.  Similarly, at a macro electrode, scanning 
sufficiently slow may produce steady-state voltammograms as the potential changes so slowly 
that the reaction becomes diffusion controlled. 
 
1.2 Single Entity Detection Using Stochastic Collisions 
 
1.2.1 Introduction to Stochastic Collision Experiments 
 
 Ultramicroelectrodes represent an essential tool for the miniaturization of electrochemical 
techniques to explore the nanoscale. Colloquial electrochemical experiments employ volumes on 
the order of milliliters. While seemingly trivial, these volumes represent an enormous and 
generally unattainable sample size for many systems. For instance, significant experimental 
optimization was required for the electrochemical detection of single cytomegalovirus entities in 
mouse urine due to a limited volume of 100 µL, necessitating the use of ultramicroelectrodes.23 
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Electrochemical sensing stands to benefit from techniques that further minimize the solution 
volume. Stochastic electrochemical collisions (a.k.a., single entity, nano-impact, collision 
electrochemistry) take advantage of the nanoscale dimensions of ultramicro- and nanoelectrodes 
to probe the electrochemical response of a single entity which physically collides with the 
electrode surface. The size of these colliding entities is generally on the order of a micron or less, 
permitting an evaluation of single species of interest including nanoparticles, proteins, latex 
beads, DNA, viruses, enzymes, and, most relevant to this dissertation, water nanodroplets one-at-
a-time. 
  Lemay’s landmark report in 2004 regarding the time-resolved observation of single latex 
microspheres adsorbing onto ultramicroelectrodes opened the floodgates for studying the 
stochastic collision of entities on ultramicroelectrodes and nanoelectrodes.24 But in 2004, 
stochastic electrochemical experiments were not brand new. In 1991, Pons and Fleischmann 
reported the “adsorption of single molecules of DNA on carbon microelectrodes,” a post-cold-
fusion manuscript that is often missed in the stochastic electrochemistry literature.25 Wightman 
reported that same year the observation of single vesicle exocytosis events.26 In 1995, two 
influential single molecule electrochemistry papers were published within 6 months from one 
another in Science: Fan and Bard’s report on the first electrochemical measurement of a single 
molecule in a nanogap27 and Wightman’s report demonstrating one could observe single 
chemical reactions in solution with electrogenerated chemiluminescence.28 
 Lemay’s report in 2004 was followed by Bard’s work in 2007 detailing the observation of 
electrocatalysis of single nanoparticles16 and Compton’s work in 2011 detailing the observation 
of single silver nanoparticle dissolution on ultramicroelectrodes29. Since that time, single entity 
nanoelectrochemistry as a field has flourished. What about these foundational articles opened the 
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floodgates to stochastic electrochemistry as we know it today? The experiments are, in theory, 
rather simple in set-up and require inexpensive materials that can be generated in almost any 
laboratory around the world. Practitioners have now developed methods to study the 
physicochemical properties of a vast library of single entities30-41, even as far down as 
quantifying the electrocatalysis of an isolated atom6, 42-44, an experiment predicted by 
Fleischmann in 1994.45 
1.2.2 Droplet Blocking vs Droplet Reactor Experiments 
 
 Notably, compartments filled with a redox active species may also be probed using 
stochastic collisions through the use of sub-micron droplets and vesicles. As a droplet or vesicle 
is incident on the electrode surface, current may be generated by the electrolysis of the droplet 
contents (droplet reactor), or blocked if a heterogenous reaction is occurring on the 
ultramicroelectrode before flux is hindered by the colliding entity (droplet blocking). A 
schematic representation of these experiments and their resulting electrochemical signal (current 
vs time) is shown in Figure 1.4.  
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Figure 1.4 – Droplet Blocking and Reactor Schematic – Schematic representation of two 
modes for nanoelectrochemical experiments utilizing emulsion droplets. In droplet blocking 
mode, a redox reaction is driven at the electrode surface to produce a current. When the droplet 
collides with the electrode surface, flux is blocked, resulting in a stepwise decrease in the 
amperometric signal. In droplet reactor mode, the droplet contains a redox species, which is 
electrolyzed to produce a current transient upon droplet collision with the electrode surface. The 
current then returns to baseline values once the droplet contents have been consumed.  
 
 The most exciting advantage of these types of experiments is the analysis of sub-
femtoliter volumes. Newcomers to the field should not be intimidated by the ‘nano’ in 
nanoelectrochemistry: sub-femtoliter nanoelectrochemistry is experimentally simple: 1.) Put a 
molecule of interest into a solvent you’d like dispersed (add a non-reactive surfactant to lower 
droplet size polydispersity if you like); 2.) Place a small volume (~µL) of the dispersing solution 
into a large volume (~mL) of the continuous solution; 3.) Sonicate (horn sonicators work best); 
4.) Insert micro- or nanoelectrodes into the post-sonicated solution, and 5.) run an 
electrochemical experiment. If you get too many collision events, go back to step 4 and dilute.  
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 In 2015, Bard published a study examining the reduction of nitrobenzene in an ionic 
liquid droplet (r = 150 nm).46 When the droplet collided at an electrode biased sufficiently 
negative to drive the reduction of nitrobenzene, blip-type responses could be observed in the 
amperometric i-t response. An analysis of these electrochemical transients demonstrated that 
various analytical parameters, such as droplet size, concentration, contact radius, and internal 
redox concentration, might be probed using stochastic collisions. This experiment has now been 
extended to other sub-femtoliter volumes (e.g., micelles, vesicles, and inverse emulsion 
droplets)47 with more complicated reaction mechanisms48, such as the generation of 
electrogenerated chemiluminescence and the voltammetric study of ion transfer in the dispersed 
phase.11, 12, 49-53  
 This dissertation summarizes a specific line of inquiry regarding the use of water 
nanodroplets in droplet reactor-mode to electrodeposit metal nanoparticles. A detailed methods 
section outlines all the necessary requirements to reproduce these rather simple experiments in 
Chapter 2. The results regarding electrodeposition are then broken up into three discrete 
Chapters covering different fundamental aspects of the electrodeposition process. In Chapter 3, 
the deposition of monometallic Pt nanoparticles is discussed with a special emphasis on 
controlling nanoparticle size, surface coverage, morphology, and porosity, all of which may be 
observed via electron microscopy. Chapter 4 more closely examines the electrochemical 
transient associated with nanoparticle formation at an ultramicroelectrode surface, where it was 
found that nanoparticle growth kinetics could be quantified through an analytical solution to 
classical nucleation and growth models. Chapter 5 then discusses the extension of nanodroplet-
mediated electrodeposition to metal alloys, culminating with the formation of high-entropy 
nanoparticles with up to eight stoichiometrically tunable components. Finally, Chapter 6 details 
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an experimental method for imaging the droplet/electrode two-phase and droplet/oil/electrode 
three-phase boundaries, a study which aims to understand how nanoparticle growth proceeds at 
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CHAPTER 2 – METHODS 
 
2.1 Water-in-Oil Emulsion Generation by Horn Sonication 
 
 The simplicity of the nanoelectrochemical experiments carried out for droplet reactors 
stems from the ease with which nanodroplets may be synthesized via horn sonication. These 
devices are high-frequency (i.e., ~20 kHz) sound generators that produce a significant level of 
shear in a given solution, permitting large droplets to be broken up into millions of smaller 
droplets. Notably, the formation of emulsion systems must incorporate a dispersed phase and a 
continuous phase, where the dispersed phase is limitedly soluble or insoluble in the continuous 
phase. A practical system is water in a chlorinated solvent. The majority of experiments detailed 
herein employ 1,2-dichloroethane due to its low vapor pressure and widespread application in 
biphasic electrochemical systems.1 Additional additives which may be considered include a 
surfactant to stabilize the droplets (i.e., to prevent coalescence), a redox mediator to evaluate via 
collision electrochemistry (e.g., chloroplatinate, a platinum precursor used to grow 
nanoparticles), a supporting electrolyte for the dispersed and/or continuous phase to reduce iR 
drop, and a charge-balance mediator to facilitate ion transfer during electrochemical experiments 
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Table 2.1 – Description Of Surfactants Evaluated 
Surfactant Structure Charge Concentration Comments 
Sodium 
Dodecyl Sulfate  
Negative 100 mM 
No clear effect on droplet stability, 






Visible reaction with chloroplatinate, 
releases noxious odor and should only 
be worked with in a hood 
Span-20 
 
Neutral 10 mM 
Greatly enhances water-in-
dichloroethane emulsion stability, 
water-insoluble and does not form 
micelles 
 
 The surfactants evaluated in this work are detailed in Table 2.1. It is important to clarify 
the requirements for a surfactant in the context of electrochemical experiments with droplets. 
First, the surfactant must not be electroactive or spontaneously react with the analyte loaded into 
the droplet. Second, the surfactant must not impede electron transfer when a droplet adsorbs to 
an electrode surface. Third, the surfactant should enhance the stability (and ideally, the 
monodispersity, vide infra) of the emulsion system. At the beginning of our work with these 
systems (Chapter 3, Section 2), we added sodium dodecyl sulfate assuming the addition of 
surfactant was absolutely necessary to form a stable emulsion. However, while examining time-
course dynamic light scattering with the surfactants in Table 2.1 in the study that followed 
(Chapter 3, Section 3), we discovered that the addition of sodium dodecyl sulfate does not have 
a measurable impact on the stability of the emulsion and led to a slightly larger average droplet 
size. Because sodium dodecyl sulfate is anionic, we also attempted to use a cationic and neutral 
surfactant species to enhance the stability of the emulsion. Benzalkonium chloride is a cationic 
surfactant, but was found to react with chloroplatinate spontaneously to form a precipitate. 
Therefore, time-course dynamic light scattering measurements were not attempted with this 
surfactant. Span-20, a neutral surfactant, was added at 10 mM and found to effectively double 
the lifetime of the emulsion. Notably, Span-20 and sodium dodecyl sulfate were also 
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successfully evaluated by amperometric collision experiments, indicating that these surfactants 
do not impede electron transfer. Thus, it would appear that Span-20 is an ideal surfactant for 
electrochemical droplet experiments as it meets all three criteria discussed above. However, 
while evaluating these surfactants, it was evident that the control experiment (no added 
surfactant) produced a stable emulsion for ca. 30 m. Therefore, we elected to omit a surfactant 
for the majority of the studies described in order to maximize the simplicity of the system.  
 While simple, the control system exhibits a large polydispersity in the droplet size with 
several modes (see Figure 2.2). A major limitation of the experiments using a polydisperse 
emulsion is the variable droplet size which must be calculated using the integrated current 
response (vide infra). This requires knowledge of the analyte concentration. If the droplet size 
could be rigorously controlled, unknown concentrations of analyte within the droplets could be 
readily evaluated, which may prove useful for nano-extraction analytical methods.2 
 Tetrabutylammonium perchlorate ([TBA][ClO4]) was used as an organic supporting 
electrolyte for all of the experiments detailed herein due to its high solubility in 1,2-
dichloroethane (>0.5 M) and the high reduction overpotential of the [TBA] cation. Notably, for 
experiments where large oxidation potentials are required, the use of [TBA][PF6] is 
recommended due to the higher oxidative stability of the [PF6]
 anion compared to the [ClO4] 
anion.3 
 In the experiments described in this dissertation, the parameters for emulsion preparation 
were as follows: 25 μL aqueous solution was prepared using varying amounts of surfactant and 
metal precursor/redox species in a 15 mL polypropylene centrifuge tube (purchased from VWR) 
or a 20 mL glass scintillation vial. It has been noted that small oxidation peaks around 0.5 V vs 
Ag/AgCl sometimes appear in emulsion experiments generated in polypropylene tubes, which 
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was attributed to possible plasticizer leaching during the sonication step. Switching to glass vials 
appeared to eliminate the peaks, though a systematic study was never pursued to determine the 
true origin of these background peaks. Due to the hydrophobic nature of the polypropylene walls, 
the emulsions are generally more stable when compared to emulsions formed in glass 
scintillation vials (where the hydrophilic borosilicate causes droplet aggregation). Teflon tubes 
with a higher resistance to chlorinated solvents might be used in the future to obtain plasticizer-
free emulsions that do not interact with the walls of the emulsion containment vessel, which may 
further enhance the lifetime of the emulsion.  
 The aqueous phase is added to 5 mL of 1,2-dichloroethane or dichloromethane containing 
0.1 M tetrabutylammonium perchlorate, which has been previously shown to act as a non-
aqueous supporting electrolyte and charge-balance mediator.4, 5 Due to the solubility of water in 
1,2-dichloroethane (0.87 g/100 mL, 20°C), the continuous phase was saturated with water prior 
to use by placing a few mL of water into a volume of 1,2-dichloroethane, rigorously shaking, and 
letting stand overnight. The aqueous volume remaining was then fractioned off. After addition of 
the continuous phase to the aqueous phase, the resulting two-phase solution is then exposed to 
ultrasonic power (QSonica, 500W, amplitude 40%) using a pulse mode method (5 seconds on, 5 
seconds off, 8 total cycles) to form the emulsion. It is important to note that a pulse method is 
used to reduce radiative heating. Solution temperatures of ca. 40°C have been observed 
following ultrasonication by inserting an alcohol thermometer, which changes the relative 
refractive indices of the liquid phases. It was often observed that the solution would become 
clear immediately following sonication, but would take on a characteristic milky appearance 
after ~2 minutes, likely due to the temperature-dependent refractive indices of the two phases.6, 7 
 20  
 
2.2 Light-Scattering Techniques to Determine Droplet Size and Stability 
 
2.2.1 Dynamic Light Scattering 
 
 Once the emulsion has been formed, it is important to characterize the average droplet 
size. Two methods based on light scattering techniques exist to quantify the size and charge of 
nanoscale objects: dynamic light scattering and nanoparticle tracking analysis. Dynamic light 
scattering takes advantage of Rayleigh scattering, a phenomenon where light inelastically 
scatters off of particles smaller than the wavelength of irradiation. This scattering may be 
measured by examining the distribution of light intensities for a source, which passes through a 
solution containing droplets of a given size. Fluctuations in the intensity may be tracked over 
time to determine how quickly the diffusing objects are moving (i.e., the faster an object moves, 
the faster the light intensity will change through time). Thus, this measurement permits the 
diffusion coefficient for a particular object to be determined, which may be related to the 
particles size via the Stokes-Einstein relationship (assuming the solution viscosity and 
temperature is known). Because the temporal changes are tracked over an entire solution of 
moving entities, a Gaussian distribution of sizes is extracted, where the width of the function 
determines the polydispersity index (sometimes referred to as PDI). Polydispersity index values 
generally fall between 0 and 1, where 0 represents a perfectly monodisperse system and 
increasing values indicate increasing degrees of polydispersity. A polydispersity index < 0.2 
generally indicates the system is acceptably monodisperse (for instance, when evaluating 
commercially produced 1 µm polystyrene beads). Notably, the higher the polydispersity index, 
the less reliable the measurement due to the enhanced contribution of the larger entities 
scattering light. Consequently, dynamic light scattering measurements tend to skew positive in 
polydisperse systems, as smaller entities are washed-out by the signal related to larger entities.8 
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Dynamic light scattering studies were performed on a Zetasizer Nano ZS (Malvern, 
Westborough, MA). Emulsion stability may be tracked by taking dynamic light scattering 
measurements at various timepoints, as shown in Figure 2.1. The parameters for these studies 
were as follows: Continuous phase viscosity 0.8385 mPa·s, continuous phase refractive index 
1.4448, dispersed phase viscosity 1.002 mPa·s, dispersed phase refractive index 1.333, number 
of scans per run 1, scan time 30 s, number of runs 500 (the instrument was checked periodically 
for the breakdown and stopped once the droplet radius exceeded 1.5 µm).  
 
Figure 2.1 – Dynamic Light Scattering Time-Course Measurements – Dynamic light 
scattering time-course experiment showing emulsion stability (i.e., resistance to coalescence) as 
a function of time.  
 
 These data compare the stability conferred by two surfactant species, neutral Span-20 and 
negatively charged sodium dodecyl sulfate, by tracking the average droplet radius over time. The 
emulsion containing Span-20 shows stability exceeding that of sodium dodecyl sulfate and the 
control (no surfactant). Notably, introducing a surfactant into the droplet systems has a profound 
effect on the droplet stability and wetting kinetics.9 Therefore, most experiments described 
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(except where explicitly noted) exclude a surfactant and rely on the control emulsion stability 
timeframe of ca. 30 minutes, as previously indicated.  
 
2.2.2 Nanoparticle Tracking Analysis  
 
 The corrosive nature of 1,2-dichloroethane, the oil phase in our emulsion experiments, 
generally precludes analysis by instruments which incorporate plastics and polymers susceptible 
to degradation. Additionally, attempts to analyze a water-in-dichloroethane emulsion optically 
should use hydrophobic materials such that water droplets do not wet the surface and impede the 
optical path. Though the use of quartz cuvettes allows water-in-dichloroethane emulsion analysis 
by dynamic light scattering, resolving individual modes of droplet sizes in a polydisperse system 
is difficult due to the ensemble measurement strategy employed. Nanoparticle tracking analysis 
uses a microscope with a laser light source to obtain the diffusion coefficient of individual 
nanoparticles by tracking the darkfield scattering pattern, allowing the quantification of size on a 
particle-by-particle basis. In order to apply this technique to our emulsion system, we integrated 
PTFE tubing and a sampler with a quartz optical path to replace the standard polystyrene 
sampler. Recalibration of the laser position (by a Malvern Panalytical technician) allowed 
scattering patterns of individual droplets to be measured as shown in the inset of Figure 2.2. 
 Pressure/temperature gradients caused by solvent evaporation at the terminating end of 
the liquid transport system produced a net flow within the system that was reduced by capping 
the fluid input and output before experimentation. Individual droplet modes, the most significant 
of which predicts an average droplet diameter of 1 µm, obtained from this experiment are shown 
in the main panel of Figure 2.2. It is important that users adjust the analysis program to 
compensate for oversampling of the complex scattering patter, as the default will assign each 
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individual spot to a separate droplet. In reality, the droplets render a large circular pattern with 
multiple spots. Lowering the auto-detection sensitivity until only a few spots of the circular 
scattering pattern are auto-identified helps reduce this oversampling issue. Increasing the dwell 
time of the analysis (i.e., how intense a spot must remain over time in order to be counted) also 
increases the reliability of the measurement by excluding spots which only appear transiently 
from the dataset.   
 
Figure 2.2 – Nanoparticle Tracking Analysis – Nanoparticle tracking analysis raw data 
showing the darkfield scattering of individual water droplets loaded with 50% glycerol 
suspended in 1,2-dichloroethane. Program parameters were adjusted to compensate for the 
complex scattering pattern individual droplets exhibit. Analysis was carried out using a glass cell 
at 532 nm with a Malvern Panalytical Nanosight NS300. Nanodroplets containing 50 mM 
hexachloroplatinic acid and 50% v/v glycerol adjusted to pH 2 were analyzed over a period of 
five minutes with an internally-corrected continuous flow. Mean droplet radius reported as 500 ± 
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2.3 Stochastic Collision Methods to Characterize Droplets 
 
2.3.1 Determination of Droplet Size 
 
 If a soluble redox molecule, such as ferrocyanide ([Fe(CN)6]
4-), is dissolved in the water 
phase, and the potential of the ultramicroelectrode is held sufficiently positive such that 
ferrocyanide oxidation occurs when the droplet collides with the electrode, a blip-type response 
is observed in amperometry. We showed that the addition of ferrocyanide and H2PtCl6 within the 
water droplet allowed one to observe blip-type responses.5 Figure 2.3 shows an amperometric 
measurement with a Pt ultramicroelectrode placed in a water-in-1,2-dichloroethane emulsion, 
where the H2O phase contained [Fe(CN)6]
4- and the electrode was biased to 0.6 V vs Ag/AgCl. 
The i-t traces in Figure 2.3 show the current response of droplets colliding with the electrode.  
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Figure 2.3 – Amperometric Size Determination (a) Amperometric measurement with a 10 μm 
radius Pt electrode placed in a water-in-dichloroethane emulsion. The H2O phase contained 50 
mM K4[Fe(CN)6] and 0.1 M [TBA][ClO4]. The electrode was biased at 0.6 V vs Ag/AgCl. Inset 
shows a zoom in of the i-t curve. (b) Histogram of the droplet radii for each droplet collision 
from the i-t trace shown in (a), calculated through integration of the current spike. The blue curve 
shows data from dynamic light scattering of the emulsion, where intensity is plotted vs droplet 
radius.  
 
 The blue curve shows the response when no [Fe(CN)6]
4- is present in the droplets, and the 
black curve shows the response when [Fe(CN)6]
4- is present in the droplets. The inset in Figure 
2.3a shows a zoomed in view of the i-t curve. Figure 2.3b shows a histogram of the droplet 
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radius for each collision in the black i-t trace from Figure 2.3a, along with the dynamic light 
scattering intensity plot showing the distribution of droplet radii. 
Integration under the i-t responses in Figure 2.3a can give the charge (Q) passed when a 
droplet collides with the ultramicroelectrode surface. One can then use Faraday’s Law to 
calculate the radius of the droplet (rdrop). This simple derivation may not be intuitive to 
newcomers, and is reproduced below beginning with the classical representation of Faraday’s 
Law: 
𝑸 = 𝒏𝑭𝒎    Eq. 2.1 
Where n is the number of electrons transferred, F is Faraday’s Constant, and m is the number of 







    Eq. 2.2 
𝑸 = 𝒏𝑭𝑪𝑽    Eq. 2.3 
Where C is the molarity, mols per unit volume. The volume of spherical droplet may be related 
to its radius: 









𝟑 )     Eq. 2.5 





    Eq. 2.6 
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 The bars in Figure 2.3b indicate a histogram of the sizes calculated by approximately 
110 collision events of water droplets filled with 50 mM K4[Fe(CN)6]. The electrochemical 
results overlay fairly well with dynamic light scattering, which reports droplet radii as a 
Gaussian function about the average. The average droplet radius from the dynamic light 
scattering data was 653 nm with a polydispersity index of 0.8. The average radius from the 
calculated results using Faraday’s Law was 1230 nm, with a standard deviation of 670 nm. The 
agreement between dynamic light scattering and the calculated results from Faraday’s Law is 
significant in that it suggests complete electrolysis of the [Fe(CN)6]
4- contained within the 
droplets. The electrochemical collision experiment favors smaller droplets because smaller 
droplets will diffuse more quickly than larger droplets (vide infra).  
2.3.2 Determination of Droplet Concentration and Collision Frequency 
 
 The approximate collision frequency of droplets with the electrode surface can be related 
to the concentration of droplets in solution by: 
𝒇 = 𝟒𝑫𝑪𝒓𝑼𝑴𝑬𝑵𝑨    Eq. 2.7 
where f is the frequency in Hz, D is the diffusion coefficient of droplets, rUME is the 
ultramicroelectrode radius, and NA is Avogadro’s number. The number of droplets may be 
mathematically approximated by dividing the total aqueous volume (25 μL) by the volume of the 
average droplet radius (1.44x10-15 L, rdrop ~ 700 nm, from dynamic light scattering). Dividing 
this result by Avogadro’s number and the combined aqueous/organic volume (5 mL) yield a 
droplet concentration of 29 pM (or 1.75 x 1010 particles per mL). While this approximation has 
not been explicitly validated, we do see good agreement with the expected frequency calculation. 
Droplet diffusion coefficients may be approximated by the Stokes-Einstein equation: 





    Eq. 2.8 
where kB is the Boltzmann Constant, T is the temperature, 𝜂 is the continuous phase dynamic 
viscosity (8.4 x 10-4 Pa·s for 1,2-dichloroethane), and rdrop is the radius of the average droplet, 
which may be obtained by dynamic light scattering. By this relationship, the diffusion coefficient 
of a droplet with rdrop = 1230 nm is 2.1 x 10
-13 m2 s-1. Thus, a frequency of approximately 0.13 
Hz is expected based on diffusion-controlled mass transport of droplets to the electrode surface. 
We expect mass transfer of droplets to be controlled largely by diffusion because the solution is 
static (minimal convection) and there is no heterogeneous reaction being driven at the electrode 
surface that might result in a continuous electric field (minimal migration).  The observed 
frequency from the i-t curve in Figure 2.3a was 0.3 Hz. The observed frequency matches well 
with the theoretical frequency, indicating that the average radius from dynamic light scattering is 
more accurate than the average radius from the amperometric data. The larger radius from the 
amperometric data would result in a frequency a magnitude lower than what was experimentally 
observed. 
2.4 Determination of Solution Resistance by Impedance Spectroscopy 
 
 The resistance between the reference electrode and the working electrode, known as the 
uncompensated resistance (Ru), stems from the lack of information the potentiostat has regarding 
the “true” potential (voltage) of the working electrode surface. Importantly, this resistance is 
based on both the resistivity of the solution (Ohm cm-1) and the distance between the working 
and reference electrodes (cm). Because the voltage at the reference electrode and the counter 
(driving) electrode are known, the potentiostat automatically compensates the resistance between 
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the reference and counter. This component of the total electrochemical cell circuit is therefore 
known as the compensated resistance (Rc). Consider Ohm’s Law: 
𝑽 = 𝒊𝑹   Eq. 2.9 
When a voltage (V) is applied to the working electrode, it must pass through the solution with a 
finite resistance (R) in order to produce a current (i). As an example, assume we apply 0.3 V to 
the system with an uncompensated resistance of 10-20 Ohm (a fairly typical value for a 1 M 
concentrated electrolyte) to oxidize ferrocene methanol. The resulting peak current is ~10 µA, 
and the peak separation is 59 mV as expected for an outer-sphere one-electron transfer reaction. 
If you were to replace the solution with pure water (no electrolyte), the uncompensated 
resistance would increase. At Ru = 100,000 Ohm with a 10 µA peak current, the voltage would 
shift by 0.1 V according to Ohm’s law. The voltage loss between the working and reference 
electrodes is known as the “iR drop” of the system.  
How does this manifest in the voltammogram? If you were to compare the new 
voltammogram to the previous voltammogram where the oxidation peak potential was 0.3 V, 
you would find that the peak is now at 0.4 V, the peak splitting has increased significantly, and 
the peaks have a lower slope in the kinetic regime. According to the data output, you’ve just 
broken thermodynamics. Before you start hypothesizing about solvation effects and writing up 
your Science paper, consider how the potentiostat obtains the voltage it outputs on the x-axis. It 
assumes that whatever voltage gets to the reference electrode is the voltage that arrives at the 
working electrode, even though you’ve effectively dropped 0.1 V over the distance between the 
reference and working electrodes. The data output is incorrect, ferrocene methanol is still 
oxidized at 0.3 V, but 0.3 V is not arriving at the working electrode when the potentiostat thinks 
it is. It is worth noting that the compensated resistance also increases significantly in the non-
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electrolyte system, meaning that the voltage being applied to the solution is already ~0.1 V 
higher than the voltage you inputted (i.e., you said you wanted 0.3 V at the working electrode, so 
the potentiostat applies 0.4 V knowing 0.1 V will be dropped between the counter and reference 
electrodes). In the Pine software suite, programs exist to compensate for the uncompensated 
resistance. The most simplistic of these uses electrochemical impedance spectroscopy. This 
method approximates the electrochemical cell in terms of traditional circuit components, 
permitting variables such as solution and charge transfer resistance to be independently 
evaluated. The Randles Cell (Figure 2.4 inset) shows the expected circuit when a potential is 
applied to a cell where no Faradaic current flows (i.e., no redox mediator is being actively 
oxidized or reduced). The first resistor, R1, represents the uncompensated solution resistance 
between the reference electrode and the surface of the working electrode. As previously stated, 
this resistance depends on both the resistivity of the solvent and the distance between the 
working and reference electrodes. Thus, this resistance should be evaluated each time the 
electrodes are replaced, polished, or otherwise moved. The second resistor, R2, represents the 
resistance to charge transfer. This value is expected to be exceedingly high (>MΩ) due to the 
lack of redox species available to facilitate electron transfer from the electrode surface to the 
solution, and generally results in noise at low frequencies based on the limited input impedance 
of the potentiostat. The third element resembling a capacitor models the double-layer capacitance 
which forms at the polarized electrode surface. This element is sometimes shown as a perfect 
capacitor (i.e., two straight lines representing a potential phase change of 90°) when, in fact, it is 
rarely modeled as such. Due to the application of the AC waveform superimposed on the DC 
potential, the double layer capacitance is expected to fluctuate, as it is potential dependent. Thus, 
its phase deviates from that of a perfect capacitor, taking on some “resistive” character with a 
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phase angle <90°. In order to account for this, a “constant phase element” is used in the 
capacitors place, which introduces an exponent parameter, n, to tune the phase angle of the 
capacitor. If n = 1, the constant phase element acts as a perfect capacitor, and if n = 0 it behaves 
as a perfect resistor. Users should ensure that a minimal AC perturbation is used (< 5 mV) to 
maintain the near-ideal capacitor behavior of this component if the model expects a perfect 
capacitor. Otherwise, using constant phase elements in fitting models accounts for these 
deviations.   
At high frequencies the double layer capacitance behaves as a short (wire), meaning the 
observed impedance stems solely from the solution resistance as the charge transfer resistance is 
bypassed. This model is verified by evaluating the phase angle, which approaches 0° when the 
system consists of only resistive components (i.e., the solution “resistor”). Because capacitors 
store charge, the effects of the double layer manifest as a phase shift toward 90°. Therefore, this 
pre-programed evaluation included on the Pine instrumentation determines the minimum phase 
angle (closest to 0°) and evaluates the impedance at that point to give the Ru (Figure 2.4).   
 
 32  
 
 
Figure 2.4 – Solution Resistance via Electrochemical Impedance Spectroscopy – Evaluation 
of the Uncompensated Resistance. Bode plot of impendence and phase angle vs frequency on a 
highly oriented pyrolytic graphite substrate allows the determination of uncompensated solution 
resistance (Ru). Randles circuit model inset. 
 
 Using this evaluation, the uncompensated resistance was determined to be 217 ± 29 Ω 
over 13 experiments for 0.1 M KOH.  Note that the iR drop is dynamic and depends on the 
current being passed (more current, more voltage is dropped). Thus, the compensation is more 
complicated than simply applying an extra couple mV to the applied potential, explaining why 
the slope of the voltammetric peaks are also observed to change due to high solution resistance.  
A few notes on the use of electrochemical impedance spectroscopy are included below: 
1. The user should not dedicate time to “fitting” the electrochemical impedance 
spectroscopy response to (non)equivalent circuits with arbitrarily selected components. 
Practically, forcing a fit to a high-order polynomial (effectively what is accomplished by 
adding more and more components until a fit is achieved) means that replication of the 
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results inferred from that fit requires the same polynomial to be used in the future. 
Indeed, many different circuits may be fitted to the same limited data set, each generating 
different extrapolated results.10 Thus, claiming a specific equivalent circuit without 
regard for the physical meaning of the components may confuse and mislead those 
attempting to reproduce and interpret the true nature of the system. 
2. Generally, the response at high frequency (>100 kΩ) shows some capacitive character. 
Before attributing this to a solution process, it is recommended that the reference 
electrode be replaced with a platinum wire to ensure the response does not result from the 
impedance of the reference electrode. Note that the reference potential will shift, which 
may be mitigated by adding 1 mM ferrocyanide and 1 mM ferricyanide (i.e., 50/50) to the 
solution. The presence of this redox couple will pin the reference potential such that 
running electrochemical impedance spectroscopy vs OCP produces the exact same 
response regardless of the reference electrode employed, allowing a potential-
independent evaluation of the impedance of the reference electrode. Ideally, solution 
resistance may regularly be evaluated with a Pt wire due to the need for reliable high-
frequency data.  
3. The electrode polarization (i.e., DC potential) should be as close to the formal potential 
of the redox process studied as possible. Polarizing the electrode too much will cause 
non-equilibrium effects to manifest, as the concentration profile/electric field at the 
electrode surface will be changing with time. Ideally, the AC perturbation just barely 
changes the polarization state of the system in order to probe the electron transfer and 
diffusion process without significantly changing the electrode environment. This explains 
why minimal AC amplitudes are generally recommended (<20 mV). 
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4. The AC amplitude and polarization dictate the noise one is likely to observe in 
electrochemical impedance spectroscopy. The user should seek to minimize the AC 
amplitude for the reasons mentioned above, but also ensure the amplitude is sufficient to 
produce a stable current response free of noise. Generally, the electrochemical impedance 
spectroscopy program will show the voltage and current responses as sine waves, which 
should be free of distortion at sufficient amplitudes.  
 
2.5 Preparation of Electrodes 
 
2.5.1 Amorphous Graphite Electrodes 
 
For the experiments in Chapter 3, a graphitic surface was desirable to provide a clear 
scanning electron microscopy contrast between metal deposits and the substrate. Due to the 
expense of glassy carbon, a cheaper solution was pursued with disposable graphite rods. 
Graphite rods were obtained from Johnson Matthey Inc. (Royston, United Kingdom). 
Unfortunately, scanning electron microscopy images revealed that these rods were extremely 
rough and required extensive polishing to provide a planar surface (see Section 2.8.1). Graphite 
electrodes were prepared by polishing 3 mm radius graphite rods in a figure-eight pattern 
subsequently on 300, 500, 1000, 2000, and 3000 grit sandpaper until no obvious visual change 
could be observed by further polishing at each grit level. Finally, the electrode was buffed to a 
glassy shine using 3000 grit sandpaper immobilized on a beveller rotating at approximately 100 
rpm. Connection was made to the electrode via copper tape (3M, Maplewood, Minnesota). Care 
was taken to ensure the copper tape did not interact with the deposition solution to avoid copper 
contamination. After each deposition experiment, the electrode was cut approximately 1 cm 
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above the glassy surface for scanning electron microscopy imaging. The remaining rod was 
processed according to the above procedure to restore the glassy surface and used for further 
deposition experiments.  
 
Figure 2.5 – Graphite Electrode Preparation – (a) scanning electron microscopy image of 
polished graphite surface with a calculated surface roughness 65.3±2.6 (b) CV showing the 
reduction of 6.1mM HCPA to Pt0 at -0.2 V vs Ag/AgCl on the graphite electrode with 250 mM 
sodium perchlorate supporting electrolyte. Background shown in black. Scan rate was 100 mV/s 
for both trials. 
 
An ImageJ analysis (See Section 2.8.1) of prepared graphite electrodes shown in Figure 
2.5a gave a root-mean-squared (RMS) roughness factor of 65.3 ± 2.6, indicating a high degree of 
uniformity compared to the unpolished surface with a value of 153.5 ± 10.8. In order to establish 
a baseline for the examination of different experimental parameters, the deposition of Pt 
nanoparticles from water droplets without added surfactant was used as a model system. To 
validate the electrodeposition of Pt from chloroplatinate on the graphite electrode, a cyclic 
voltammogram was collected in an aqueous solution of 6.1 mM chloroplatinate with 250 mM 
sodium perchlorate supporting electrolyte, and the results are shown in the inset of Figure 2.5b. 
Figure 2.5b shows a representative amperometric experiment over 2,000 seconds. The reduction 
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of chloroplatinate appeared at 0.2 V, which is in agreement with the literature.11 The black curve 




 As discussed in Chapter 1, ultramicroelectrodes have significant benefits for the analysis 
of nanoelectrochemical systems. Three main methods exist for the fabrication of 
ultramicroelectrodes: (1) sealing a conductive wire into a capillary with epoxy, (2) heat-sealing a 
conductive wire into a glass capillary using a torch or resistive coil, and (3) using a pipette puller 
(e.g., Sutter P2000) to seal conductive wires in glass/quartz and pull them to a nano-sized tip. 
Notably, the third method is limited to platinum electrodes due to the similar thermal expansion 
coefficients of Pt and quartz.12 Because carbon fibers are subject to oxidation at high 
temperatures, the epoxy sealing method was pursued to generate the carbon electrodes used in 
this work. 
 Carbon fiber ultramicroelectrodes were prepared using 10 µm diameter carbon fibers 
obtained from Thornel (P-55 pitch based fibers). First, a single fiber is threaded into a glass 
capillary. The fiber was sealed in the capillary using epoxy (Henkel Loctite Hysol 1C-LV 
Epoxy), which was drawn up into the capillary around the fiber to a length of ~2 cm using a 
peristaltic pump sealed to the opposite end of the capillary. Once sealed, the electrodes were 
allowed to anneal overnight. The electrode tip was then polished down with 2400 grit sandpaper 
to expose the 10 µm fiber. Subsequent polishing with alumina (1 µm, 0.2 µm, 0.05 µm, CHI 
Instruments Polishing Kit) was used to create a uniform surface. Connection was made by 
depositing a small amount of powdered graphite into the open end of the capillary, followed by a 
roughened copper wire. It was found the graphite powder helped establish connection by 
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stabilizing the carbon fiber protruding from the inner epoxy seal. The top of the capillary was 
then sealed with hot glue to prevent wire dislocation. The electrode was characterized using the 
limiting current from 5 mM Ferrocene/ferrocenium in 0.1 M [TBA][ClO4] in DCM to confirm an 
electrode radius of 5 µm. 
 Other ultramicroelectrodes used in these studies (Au, Pt) were obtained from CH 
Instruments and polished before experiments iteratively with 1 μm, 0.3 μm, and 0.05 μm alumina 
powder. 
 
2.5.3 Reference Electrode 
 
 We found that using typical Ag/AgCl reference electrodes in the 1,2-dichloroethane 
phase to provide the most stable reference potential. However, there are two experimental 
concerns that must be addressed. First, the liquid junction that forms between the reference 
electrode internal solution (1 M KCl) and the external solution (1,2-dichloroethane, 0.1 M 
[TBA][ClO4]) introduces a source of error into the reference potential. This may be thought of as 
an additional resistive component in the Randles cell. The second issue regards the low solubility 
of potassium perchlorate, which may be formed by ion transfer and pairing at the liquid-liquid 
boundary. If the frit serves as a nucleation point for these crystals, it may become clogged and 
compromise the measurement. Cp2Fe
0/+ (i.e., ferrocene) was chosen as an internal standard to 
ensure reproducibility due to ambiguities in the liquid junction potential using the aqueous 
Ag/AgCl reference electrode in dichloromethane and [TBA][ClO4]
13; however, this reference 
electrode showed consistency over weeks of experimentation. The aqueous Ag/AgCl reference 
electrode showed a much more stable potential (drift less than 1 mV per minute) than a silver 
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wire, platinum wire, or carbon rod as quasi-reference electrodes. In order to reduce iR-drop, the 
reference and working electrodes were taped together to maintain a constant distance. 
 In order to shield the Ag/AgCl electrodes from direct exposure to the 1,2-dichloroethane 
phase, salt bridges were employed to act as a mediator. The salt bridge employed to create a 
double-junction Ag/AgCl reference electrode was a borosilicate U-tube filled with 1 M KCl and 
4% w/v agarose, which forms a conductive gel. To construct this salt bridge, a straight glass tube 
(any internal diameter will work, but smaller is better to facilitate placement in the 
electrochemical cell) is heated red-hot and bent into a “U” shape using a butane torch and 
insulated gloves or grips. 1 M KCl is heated to 90°C, and 3% w/v agarose powder is slowly 
added to create a viscous liquid. The gel is then drawn into a syringe and injected into the tube, 
where it will quickly solidify. If the tube is free of defects, bubbles, and disconnections, it is 
ready for use immediately. Half of the U-tube is placed in the 1,2-dichloroethane phase (with the 
working and counter electrodes), and the other half is placed into a vial with 1 M KCl which 
contains the reference electrode. No obvious junction potential or other deleterious effects could 
be observed in the cyclic voltammogram of 1 mM ferrocene methanol in a 0.1 M KCl aqueous 
solution as a result of the salt bridge double-junction reference. Additionally, we have found this 
material to be stable in 1,2-dichloroethane for over two months.   
 
2.6 Faraday Cage Principles & Grounding Optimization/Troubleshooting 
 
The microscopic working electrode area of an ultramicroelectrode necessitates the use of 
a Faraday cage to eliminate noise related to electromagnetic radiation, which is emitted by 
electronic devices such as cell phones, computers, and, most notably, the 120/240 V wall outlets 
throughout the building. These outlets emit 60 Hz noise (in the USA, 50 Hz in various other 
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countries around the world), which can be easily observed in a non-shielded amperometric 
electrochemical experiment by taking a Fourier transform of the i-t trace. A large peak will be 
observed at 60 Hz as well as its harmonic/alias frequencies. Faraday cages collect this radiation 
and shunt it to ground in order to prevent it from interfering with the measurement. Such cages 
are simple to construct by wrapping a grounded conductive metal sheet, such as aluminum foil, 
around the electrochemical cell. For convenience, a detailed procedure regarding the 
construction of a functional Faraday cage is included in Figure 2.6.  
When using a CHI potentiostat such as the 601E, it is possible to reach a non-filtered 
noise floor of ~100 fA with proper instrument settings and grounding. First, the fan inside the 
potentiostat should always be switched off during the measurement to obtain the lowest possible 
noise, and this setting can be controlled in the software settings “tools” menu. Reducing the 
noise requires careful grounding/shielding of each part of the circuit the electrons traverse during 
the electrochemical measurement. First, it is important that the potentiostat is isolated as much as 
possible from contact with electronic hardware, as the metal housing for the potentiostat is acting 
as a faraday cage for the internal circuit components. Bringing this housing into contact with 
other metal items (computers, phones, etc.) can therefore introduce noise. The wires leaving the 
potentiostat are “triaxial” cables, meaning that in addition to containing a “hot” wire and a 
“ground” wire (like most cables), they also contain an additional metal sheath called a “driven 
shield”. The function of this shield is to reduce the leakage current and induction associated with 
the wires, which decreases the noise. Note that the Sweepstat shown in the image above does not 
have such cables, and would be expected to exhibit a higher noise floor due to cable induction. 
The wires should enter the experimental aluminum Faraday cage, where the “ground” lead 
should be connected to the conductive surface. In past studies, it has been observed that creating 
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a double faraday cage (cage within a cage) may decrease the noise. While aluminum represents a 
simple material for cage construction, solid metal cages with greater thickness have been 
observed to provide lower noise floors. Sometimes, noise persists regardless of the optimizations 
employed, at which point the best course of action may be to reconstruct the apparatus in a 
separate room with less high-power hardware present (i.e., -80 freezers, etc.). 
 
 
Figure 2.6 – Faraday Cage Construction – Faraday cage constructed from Styrofoam box and 
aluminum foil. (a) A Styrofoam box was chosen as the frame for the Faraday cage, though 
cardboard and other scaffold materials may be used. The external walls of the box, as well as the 
lid, were wrapped in aluminum foil to act as the grounded conductor. Separate wrapping of the 
lid allows the box to be easily opened between measurements. (b) Constructed Faraday cage 
with internal electrochemical cell set up for experimentation. The potentiostat is insulated from 
the top of the box and connected to the aluminum foil via an alligator clip. This connection 
facilitates grounding to reduce the effect of electromagnetic radiation. (c) Closed Faraday cage 
grounded to the potentiostat permits electrochemical measurements free of electromagnetically 
induced noise. 
 
2.7 Procedure for nanoSlice Tomography 
 
 Samples were loaded into the scanning electron microscopy-focused ion beam milling 
dual beam instrument where the presence of Pt nanoparticles was confirmed in scanning electron 
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microscopy on the highly oriented pyrolytic graphite substrate at 30 keV and 0.69 nA. First, the 
stage working distance is adjusted to 4.1 mm. The particle of interest must then be brought to the 
“eucentric height”, meaning the ion beam (which is at a fixed position within the chamber) will 
hit the same general location as the electron beam when activated. This is accomplished by 
focusing on the particle of interest, and changing the stage tilt to the first option (10°). The stage 
will tilt and the live image will shift away from the particle previously visualized by several tens 
of microns. To return the focus to the particle of interest, the stage height must be adjusted by 
clicking a dragging the stage controller up or down. Importantly, simply moving the stage 
horizontally to relocate the particle will not align the electron and ion beams, resulting in slicing 
far away from the area of interest. This process is repeated until the gallium ion beam is 
orthogonal to the substrate and the electron beam images at 52º to the substrate. In order to 
reduce nanoparticle exposure to the ion beam before slicing, a blind alignment technique was 
employed to orient the ion and electron beams to a coincident point. This is accomplished by 
programming the ion beam to slice a small, visible hole in the substrate without turning on the 
ion beams imaging mode (which uses Ga+ ions to image, resulting in partial surface destruction). 
The electron beam is then aligned to the hole to bring both beams to a coincident point. This 
process was completed within 5 µm of the particle of interest to minimize potential alignment 
shifts. Confirming the alignment at increasing magnifications up to 600,000x allowed high 
confidence in slice resolution. Initiation of slicing with the “cleaning cross-section” focused ion 
beam mode at 30 keV and 1.5 pA allowed 400 x 10 x 500 nm patterning of the particle at a 
working time of one second per slice. After each slice, scanning electron microscopy images 
captured the cross-section and revealed pores and the tomography of the nanoparticle. 
Importantly, we found the pore density and size to remain relatively constant throughout each 
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nanoparticle, meaning that any given slice provides porosity, average pore size, and pore density 
representative of the entire nanoparticle. 
2.8 Image Processing 
 
2.8.1 Electrode Surface Roughness 
 
 The graphite surface was imaged before and after polishing as shown in Figure 2.7 to 
determine the effect of pre-deposition processing. The ImageJ open-source plugin “Roughness 
Calculation” by Gary Chinga was used to obtain root-mean-squared (RMS) roughness values. 
This roughness factor is obtained by evaluation of the image in terms of relative greyscale 







    Eq. 2.10 
 
Figure 2.7 Surface Roughness Analysis – (a) Scanning electron microscopy image of graphite 
surface before polishing procedure shows a RMS roughness factor of 153.5±10.8. (b) Scanning 
electron microscopy image of graphite surface after polishing procedure shows an RMS 
roughness factor of 65.3 ± 2.6, allowing facile high contrast imaging of Pt nanoparticles. 
 
a b 
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where L is the evaluation length and Z(x) is the profile height function, which is built in to the 
ImageJ program. Roughness evaluation shows a significant decrease in surface heterogeneity, 
facilitating the high contrast imaging achieved for Pt nanoparticle analysis. Furthermore, 
preparation of homogenous graphite rod electrodes eliminates some consideration to micron-
scale graphite basal planes, thereby permitting partial deconvolution of electrode surface 
geometry and nanoparticle growth sites.   
 
2.8.2 Nanoparticle Size and Coverage Analysis 
 
The approximated sizing and counting of nanoparticles obtained from scanning electron 
microscopy images was accomplished by the following procedure. First the images were 
uploaded to ImageJ and transposed into an 8-bit format. The line tool was used to trace the image 
scale bar, and the image was calibrated using the Analysis->Set scale function. The Image-
>Adjust-> Adjust Threshold function was used to create a black/white contrast between the 
background graphite surface and the individual Pt nanoparticles in dark background mode. Due 
to the uniformity of the graphite surface and the high contrast generated by Pt nanoparticles at 30 
keV and 0.69 nA, particles could be translated to black/white with a high degree of confidence. 
The Analysis->Particle Analysis function was then utilized to automatically obtain the number 
and area of individual particles. To reduce the contribution of defects and noise, a minimum area 
of 0.001µm and roundness factor of 0.5 were set. The list of individual particle areas was 
exported from ImageJ and converted to radii for analysis. As discussed in Chapter 3, this 
circular assumption most likely positively skews smaller particles, which tend to appear in more 
dendritic morphologies. In order to obtain coverage distributions, the number of particles was 
divided by the total image area and converted to particles/m3. 
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2.8.3 Nanoparticle Roughness 
 
Particle roughness was estimated utilizing a Ricker Wavelet analysis (also known as a 
Mexican Hat analysis) which automatically converts an image to a series of black/white values 
based on edge detection within a specified radius. The function utilizes the negative normalized 
second derivative of a Gaussian function to detect edges in the image, which allows unbiased 
area comparison for “hills and valleys” over the specific nanoparticle. 
Analysis was performed according to the following procedure. Scanning electron 
microscopy images were uploaded to ImageJ and converted to an 8-bit format. The Plugins-
>Filters->Mexican Hat filter function with a radius parameter set at 3 was then used to convert 
the image to black/white. Once converted, the image was cropped to only include the 
nanoparticle area in order to avoid compromising the measurement with the surrounding graphite 
surface. The area of the white selection, representative of the “valleys” in the material, was 
compared to the total area of the image in order to obtain a relative roughness value. Six images 
of nanoparticles were analyzed for each unique experimental condition and compared to a Pt 
nanoparticle electrodeposited from an aqueous solution of 25 mM HCPA with 250 mM sodium 
perchlorate supporting electrolyte, allowing normalized roughness values to be estimated.  
 
2.8.4 AVIZO Porosity Analysis 
 
 Avizo software was used to further analyze porosity, nanopore tortuosity, and surface-
area-to-volume ratio. Analysis of stacked images to obtain a length-per-pixel ratio allows 2D to 
3D conversion at 0.8 nm per pixel. Generated 3D voxels (i.e., 3D pixels) at a resolution of 0.8 x 
0.8 x 18 nm allowed reconstruction of slices to form the 3D model. Whereas a pixel is a 2D 
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representation of an image, a voxel gives a 3D representation of an image, allowing 3D 
rendering. The image stack was cropped to only include cross-sectional area and centered to 
correct for the 52º imaging angle. The Avizo software processing schematic is shown in Figure 
2.8a. This schematic is part of the Avizo workflow, and shows each step of the analysis from the 
top right image stack (raw data) to the volume rendering in the bottom left.  
 
Figure 2.8 – Avizo Workflow And Analysis – (a) Image of Avizo workflow shows stack image 
conversion to 3D representations of platinum and pores. Avizo software was acquired from 
Thermo-Fisher Scientific. (b) Schematic representation of Avizo “Centroid Path Tortuosity” 
program. Pore content is converted to a centroid with a specific x-coordinate and compared to 
adjacent slices. The path length from centroid to centroid is added up and divided by the total 
distance between the first and last slice to generate a tortuosity value for the system.  
 
 Image segmentation allowed differentiation between pores, Pt, and blank space. A disc 
Top-Hat threshold, which allows extraction of tiny elements from an image, with an arbitrary 
radius of 8 was used to identify pore space and Pt. After segmentation, a Watershed function, 
used to assign different brightness values to image locations, allowed reconstruction of 
individual segments into a 3D representation. Label Analysis allowed area and volume values to 
be extracted from each segment. Notably, most of these analyses automatically identify the 
necessary portions of the image and request the user confirm the estimation or modify it 
arbitrarily. Quantification of tortuosity employed a center-of-mass function, in which the pores in 
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individual slices were weighted into a center-of-mass position and compared to the center-of-
mass position in the adjacent slice. Figure 2.8b shows a representative schematic for this 
method, which is automatically applied to the processed image stack to extract the numerical 
tortuosity value. Meshes with randomized coloration were generated to add contrast to individual 
pores. In addition, we applied a Pore Analysis Wizard within the Avizo software to connect 
pores between slices based on voxel contact (i.e., if a voxel in slice one is located in the same x-
coordinate as a voxel in slice two, the program connects them with a single color). 
 
2.9 Electrogenerated Chemiluminescence Microscopy Procedure 
 
 Electrogenerated chemiluminescence microscopy was facilitated using a variable 
fluorescent bandpass hyperspectral imaging system composed of a Lambda LS xenon arc lamp 
(Sutter Instrument Company, Novato, CA), a Leica CTR advanced electronics box (Leica 
Microsystems, Germany), a Leica SP box LMT200 (Leica Microsystems, Germany), a Leica 
DMi8 inverted microscope (Leica Microsystems, Germany), a Hamamatsu ORCA-Fusion 
Digital CMOS camera (Hamamatsu, Japan), a Lambda SC SmartShutter controller (Sutter 
Instrument Company, Novato, CA), two Lambda VF-5 tunable filter changers (Sutter Instrument 
Company, Novato, CA), and a Lambda 10-3 optical filter changer and SmartShutter control 
system (Sutter Instrument Company, Novato, CA). The objectives used were a Leica N Plan 
20x/0.35 and a Leica HCX FL Plan 5x/0.12. The optical images for the measurements shown in 
Chapter 6 Figure 6.1 were obtained under white light oblique illumination (light source parallel 
to the electrode surface) using a Cole-Parmer 150 W optical fiber light guide. The optical images 
for the three-phase studies shown in Figure 6.2 were obtained under conditions of incident 
illumination (light source orthogonal to the electrode) at 700 nm using a Sutter VF-5 filter and 
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xenon source to generate a reflective light image. This mode of illumination was chosen for the 
experiments in Figure 6.2 to avoid the fluorescence background signal of the [Ru(dmbpy)3]
2+ in 
the continuous phase. This issue did not present in the experiments in Figure 6.1 where the 
[Ru(bpy)3]
2+ was confined to the water droplets. No filtering was applied to the images before 
exposure to the camera. The 5x/0.12 and 20x/0.35 objectives employed for these analyses 
operated with a resolution of 1.23 and 3.08 pixels per micron, respectively. For correlated 
electrochemical analysis, a stepper and piezo positioner/controller (CH Instruments, Inc., 
Auston, TX) was constructed on top of the microscope stage. The positioner/controller is 
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CHAPTER 3 - MONOMETALLIC ATOMIC CLUSTERS AND NANOPARTICLES 
 
3.1 Classical Electrodeposition vs Droplet-Mediated Electrodeposition 
 
 A fair (and critical) question arises for the investigation of electrochemical reactions in 
sub-femtoliter volumes: What can you realize in such volumes that cannot be realized in larger 
volumes? One very exciting avenue of inquiry with much to realize in such small volumes is in 
the electrodeposition of nanoparticles. In 2018, our group1 and Ahn’s group2 independently 
published (within a few days) reports detailing the electrodeposition of nanoparticles from water 
nanodroplets suspended in a non-aqueous continues phase. Shortly after, Tschulik reported on 
the electrodeposition from micelles.3 These experiments have the potential to solve major 
problems with classical electrodeposition experiments. Consider the electrodeposition of 
platinum from chloroplatinate onto a graphite surface, as shown in the schematic in Figure 3.1a.  
 
Figure 3.1 – Classical vs Droplet-Mediated Electrodeposition – (a) Schematic representation 
of classical electrodeposition from an aqueous solution characterized by heterogeneity in 
substrate coverage and nanoparticle size. Because the metal salt precursor has access to the entire 
electrode surface, preferential nucleation on energetically favorable surface sites results in non-
uniform substrate decoration, while diffusion layer overlap between neighboring particles causes 
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particle size polydispersity. (b) Schematic representation of sub-femtoliter electrodeposition. An 
aqueous droplet loaded with a given metal salt precursor diffuses through a continuous phase in 
which it is immiscible. Upon collision with an electrode surface, the contents are reduced to a 
single nanoparticle with a size directly related to the concentration of precursor loaded in the 
droplet.     
 
 Nanoparticle formation occurs only on favorable surface sites, and neighboring 
nanoparticles compete for precursor to sustain their growth.4, 5 Thus, from a classical sense, it is 
quite difficult to control nanoparticle size and nanoparticle coverage onto conductive substrates. 
However, as shown in Figure 3.1b, confining metal salts to droplets guarantees neighboring 
nanoparticles will not compete for precursor and, as far as our control experiments have shown, a 
nanoparticle forms wherever a nanodroplet collides with a conductive surface.6 The size of the 
nanoparticle depends on the polydispersity of the nanodroplet system and the concentration of 
metal salt within the nanodroplet. This section focuses on the control of nanoparticle size, 
surface coverage, morphology, and porosity, and examines the unique systems which may be 
analyzed using droplet-mediated electrodeposition. 
 
3.2 Hydrogen Evolution at Single Pt Atomic Clusters 
 
 Atom cluster catalysts are highly desirable due to the maximal surface-area-to-volume 
ratio these geometries afford, greatly improving mass activity for expensive materials (e.g., 
platinum). Such systems are worthy of study, but it is difficult to confidently determine a 
relationship between cluster size and activity due to the necessary synthetic resolution. These 
variations make mechanistic investigations on ensembles of nanoparticles and clusters difficult 
to interpret since ensemble measurements report values on the average size and morphology of 
the nanostructure. By studying single catalytic centers, particle differences can be accounted for 
and variations in size and morphology rigorously evaluated.7-11 Currently, however, many 
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techniques lack the spatiotemporal resolution to make measurements on such small catalytic 
nanostructures12 on a catalyst-by-catalyst basis. 
 Since Lemay’s report in 2004 describing the time-resolved detection of single insulating 
microspheres at ultramicroelectrodes, several techniques have been developed for studying 
single insulating and conductive nanoparticles colliding with ultramicroelectrode surfaces.13-28 
One such technique used to detect catalytic nanoparticles, termed electrocatalytic amplification29, 
has been used to observe catalytic nanoparticles colliding on a relatively inert surface one-at-a-
time.30, 31 The key in these experiments is that the kinetics of the reaction being driven on the 
nanoparticle must be much more facile than on the ultramicroelectrode.21 For instance, proton 
reduction occurs at more positive potentials (i.e., exhibits a lower overpotential) on a platinum 
ultramicroelectrode compared to a gold or carbon ultramicroelectrode. Thus, if a gold or carbon 
ultramicroelectrode is biased at a potential in an acidic solution such that proton reduction is not 
favorable on the ultramicroelectrode surface, and a Pt nanoparticle is incident on that surface, the 
electrocatalysis of single Pt nanoparticles can be observed in amperometry,31-33 potentiometry, 21, 
34, 35 and voltammetry.36 Using this conceptually elegant method, groups have demonstrated 
catalysis measurements on a range of small nanoparticles.21, 34, 37 
 Imagine attempting to electrodeposit single atoms (or very small clusters of atoms) in 
order to investigate their electrocatalytic activity as a function of cluster size. Using stochastic 
electrochemistry, one could take advantage of the direct relationship between concentration, 
electrode size, and collision frequency outlined in Chapter 2 to build and investigate clusters 
atom-by-atom. In this mode of experiment, the necessary solution concentration of a metallic 
precursor salt necessary to observe the collision of a single molecule with a ultramicroelectrode 
is revealed to be on the order of femtomolar (fM, 10-15 M) when solutions on the order of mL are 
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prepared. In practice, such low concentrations are difficult to accurately realize. However, 
consider the dependence of the number of molecules on volume:  
𝑵𝒎𝒐𝒍𝒆𝒄𝒖𝒍𝒆𝒔 = 𝑽𝑪𝑵𝑨     Equation 3.1 
Where Nmolecules is the number of molecules, V is the volume, C is the concentration, and NA is 
Avogadro’s number. Instead of decreasing the concentration to femtomolar levels, one may 
consider decreasing the total solution volume. 
 Our first investigation regarding water droplets suspended in an immiscible oil phase and 
electrodeposition sought to exploit the tiny volumes inherent to nanodroplets (on the order of 
femtoliter, fL, 10-15 L) in order to deliver only a few metal precursor molecules to the electrode 
surface. Importantly, these water droplets could be loaded with a more experimentally feasible 
concentration of the metal salt precursor (nM – µM, 6-9 orders of magnitude more than the bulk 
method).  
 
3.2.1 Using Stochastic Collisions to Isolate Single Platinum Clusters 
 
 Here, we show direct electrochemical observations of cluster electrocatalysis in real time 
by nucleating a small cluster of Pt in a water droplet upon collision with an ultramicroelectrode. 
In principle, this method can be used to size-selectively grow single clusters of platinum and 
study the electrocatalytic behavior of clusters one-at-a-time.38 The water droplets, which 
included 20 mM phosphate-buffered saline, were stabilized by sodium dodecyl sulfate and 
suspended in a dichloromethane and 0.1 M [TBA][ClO4] solution. In these experiments, a 
collision is marked by a rapid increase in current followed by an exponential decay (so-called 
blip-type responses), which can be fit to bulk electrolysis theory.39 The integration of the i-t 
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response yields the charge dissipated during the electrolysis. The use of water droplet reactors 
offers important advantages over other deposition techniques: 
1.) In principle, one can control the size of the cluster by controlling the initial amount of 
H2PtCl6 dissolved in the water phase
40 as well as the polydispersity of the droplet sizes.18  
2.) Whereas previous reports on single cluster catalysis rely on building a cluster from 
femtomolar solutions of H2PtCl6, the working concentration of H2PtCl6 in these experiments is 
between 10 nM and 10 µM (the dissolution of nM to µM H2PtCl6 in a droplet with radius ~500 
nm corresponds to 10s to 1,000s of molecules of H2PtCl6).  
3.) The contact radius between a droplet and the electrode has been reported to be <10 nm,39 
ensuring the deposition is localized to a small portion of the ultramicroelectrode surface.  
  
 
Figure 3.2 – Cluster Electrocatalytic Amplification – (A) A water droplet collides with a gold 
ultramicroelectrode, and the water is reduced. (B) A water droplet collides with a platinum 
ultramicroelectrode, and water is reduced at more positive potentials than on gold. (C) A water 
droplet containing H2PtCl6 collides with a gold ultramicroelectrode, and the H2PtCl6 is converted 
to a Pt nanocluster at 0.8 V more positive than water reduction on gold. (D) nM to µM amounts 
of H2PtCl6 are dissolved in the water droplet. At sufficiently negative potentials, a Pt cluster will 
form on the Au surface and reduce water, generating a large electrocatalytic signal. 
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 Figure 3.2 shows a schematic representation of how electrocatalysis of single platinum 
clusters can be observed using electrocatalytic amplification. The reduction of a water droplet 
suspended in dichloromethane and [TBA][ClO4] occurs on a gold ultramicroelectrode more 
negative than ca. -1 V vs the ferrocene/ferrocenium couple (Cp2Fe
0/+)41, as shown in Figure 
3.2A. However, water reduction occurs more readily on platinum, at ca. -0.9 V vs Cp2Fe
0/+, as 
shown in Figure 3.2B. If the droplet is loaded with mM concentrations of H2PtCl6, the reduction 
of which occurs at 0.8 V more positive than water reduction on gold, deposition of platinum will 
occur within the droplet (Figure 3.2C). This can easily be observed in the amperometric i-t 
response due to the large number of electrons passed during the four electron reduction of 
H2PtCl6: 
𝑷𝒕𝑪𝒍𝟔 
𝟐− + 𝟒𝒆− → 𝑷𝒕𝟎 + 𝟔𝑪𝒍−   Equation 3.2 
If µM or nM amounts of H2PtCl6 are used in the droplets, the faradaic response is not large 
enough to manifest itself in the amperometric i-t response. It is worth noting the typical current 
resolution for stochastic collision experiments is ca. 1 picoampere (pA, 10-12 A), where all 
collisions below this level are indistinguishable from the noise. This correlates to the passage of 
~6 million electrons per second, or 600,000 electrons in the span of 100 ms (a typical transient 
timeframe). Clearly, the bulk electrolysis of a 1 fL droplet loaded with 1 µM H2PtCl6 (600 
molecules, 2400 electrons passed over 100 ms) would not produce a measurable signal above the 
noise. However, a large amplification can be gained if the potential is biased where water 
reduction occurs on platinum but not gold, such that any platinum cluster that has formed can 
electrolyze water within the droplet (Figure 3.2D).  
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Figure 3.3 – Amperometric Data for Clusters – (A) i-t curve representing water reduction on a 
gold ultramicroelectrode at -0.8 V vs Cp2Fe
0/+ in a dichloromethane solution with 0.1M 
[TBA][ClO4]. (B) i-t curve representing water reduction on a platinum ultramicroelectrode at -
0.8 V vs Cp2Fe
0/+ in a dichloromethane solution with 0.1 M [TBA][ClO4]. (C) i-t curve 
representing water droplets with 14.6 mM ferrocyanide, 0 mM [TBA][ClO4] (inset, black curve), 
and 0.1M [TBA][ClO4]. The electrode potential was held at -0.12 V vs Cp2Fe
0/+. (D) i-t curve 
representing reduction of 24.4 mM H2PtCl6 to Pt
0 on a 12.5 µm Au ultramicroelectrode. The 
electrode was biased at -0.32 V vs Cp2Fe
0/+ in a dichloromethane solution with 0.1 M 
[TBA][ClO4]. (E) Size distributions (radius) calculated from Faraday’s Law for droplets 
containing potassium ferrocyanide (green) and H2PtCl6 (orange). In each of the amperometric 
experiments, the sample rate was 50 ms. The reference electrode was Ag/AgCl, and the auxiliary 
electrode was a platinum wire. Solutions were bubbled with N2 before experiments.  
 
 Figure 3.3A shows a representative i-t trace of the water droplets being reduced at -1.3 V 
vs Cp2Fe
0/+on a 12.5 µm Au ultramicroelectrode (average charge passed during an event was 3.5 
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Cp2Fe
0/+ (average charge passed during an event was 15.6 nC.) Importantly, the observation of 
blips implies the emulsifier used in these experiments, sodium dodecyl sulfate, does not 
significantly impede electron transfer.40 The differences in background current are due to trace 
amounts of oxygen dissolved in the dichloromethane continuous phase as well as the potential 
and material of the ultramicroelectrode. In our experiments, it was difficult to completely rid the 
system of oxygen since the sonication step occurs under ambient conditions, and the droplets 
were used immediately after sonication to minimize effects of aggregation.  
 To further characterize the emulsion system, 14.6 mM potassium ferrocyanide was 
dissolved in the water droplets such that when the water droplets collided with the Au 
ultramicroelectrode, ferrocyanide was electrolyzed. We note here that anodic currents are plotted 
in the negative direction and cathodic currents are plotted in the positive direction. The red trace 
in Figure 3.3C shows a representative i-t response for the collisions of water droplets containing 
ferrocyanide when the gold ultramicroelectrode was biased at -0.12 V vs Cp2Fe
0/+ (average 
charge passed during an event was 21.7 pC). The inset in Figure 3.3C shows droplet collisions 
containing 14.6 mM ferrocyanide in the absence of [TBA][ClO4] in the dichloromethane 
continuous phase, highlighting the importance of ion transfer/organic phase conductivity to allow 
electrolysis.42 Similarly, we dissolved 24.4 mM H2PtCl6 in the water phase and were able to 
observe collisions of the water droplets on the Au ultramicroelectrode, which is given in Figure 
3.3D (average charge passed during an event was 63 pC). These collisions suggest H2PtCl6 was 
reduced on the electrode surface, producing Pt0 and Cl-. Williams previously showed the size of 
gold nanoparticles depended on the initial amount of HAuCl4 dissolved in water using a similar 
water-in-oil emulsion reported here.40  
 57  
 
 Figure 3.3E shows the size distributions for droplet collisions containing ferrocyanide 
(green) and collisions containing H2PtCl6 (orange). From these results, the average radius of 
droplets containing ferrocyanide was ~1.3 µm (median = 1.2 µm), and the average radius of 
droplets containing H2PtCl6 was 741 nm (median = 446 nm), implying the mean volume of 
droplets containing H2PtCl6 is ca. 1.7 fL. Based on the average size, one can also calculate the 
concentration of the droplet stock solution assuming diffusion is the dominant form of mass 
transfer to the ultramicroelectrode. From these calculations detailed in Chapter 2, the 
concentration was ~1.6 x 1011 droplets per mL. Electrochemical collision experiments, where an 
analyte is used in the droplet to ascertain the size distribution of the droplet system, have been 
shown to have high accuracy in predicting droplet size distributions.18, 39, 42-46 Another powerful 
advantage of the electrochemical collision method over optical methods is the ability to quantify 
size distributions where optical techniques have limitations (e.g., optically opaque solutions). 
 The complete electrolysis of a 741 nm droplet would require ~18.3 nC of charge. In our 
experiments, our values were consistently smaller than 18 nC. We note here the complexity of 
the reaction occurring in the droplet after the platinum cluster has formed. The reduction of 
water, which generates hydroxide, will eventually break the buffer capacity (20 mM phosphate-
buffered saline in the water droplet). When this capacity is broken, the water droplet will become 
more alkaline, ultimately shifting the overpotential for water reduction to more negative values. 
Furthermore, the formation of H2 gas at these potentials has been shown to nucleate and grow a 
nanobubble of H2 on nm Pt electrodes at similar current densities.
47-49 While we have observed 
direct evidence of bubble formation on macroelectrodes, the formation of a nanobubble could 
explain why electrocatalysis is prematurely attenuated for smaller clusters. 
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 Because of the small size of the droplets, 5 µM of H2PtCl6 dissolved in a 1.7 fL droplet 
represents ~5,000 molecules, which would yield a ~5,000 atom cluster (or a small area 
containing a series of very small clusters). Correspondingly, 5 nM of H2PtCl6 dissolved in a 1.7 
fL droplet is ~5 molecules. It is impossible to observe the deposition of these small 
concentrations of H2PtCl6 since the faradaic blip-type response due to the reduction of nM to µM 
amounts of H2PtCl6 to Pt
0 is on the order of sub-picoampere by a comparison with the droplets 
containing 24.4 mM H2PtCl6 (vide supra). One can take advantage of the fact that water 
reduction occurs on platinum at sufficiently more negative potentials than the reduction of 
H2PtCl6 to Pt
0, which is shown in the voltammograms in the orange curve in Figure 3.4A. Also, 
water reduction on gold (yellow curve in Figure 3.4A) occurs at more negative potentials than 
water reduction on platinum (grey curve in Figure 3.4A). Thus, if the applied potential on a gold 
ultramicroelectrode is held more negative than the water reduction potential on platinum but 
more positive than the water reduction potential on gold, the electrocatalysis of very small 
clusters of platinum can be selectively observed, which is schematically shown in Figure 3.4B.  
Figure 3.4C shows the i-t response for droplets containing 24.4 mM H2PtCl6 at -0.9 V vs 
Cp2Fe
0/+, a potential where water reduction on platinum is favorable but not on gold. Compared 
to Figure 3.4D, the charge passed during these events is ~150 times larger (8.9 nC versus 63 pC) 
due to the contribution of water reduction. Figure 3.4D shows a representative i-t curve for 
water droplets containing 5 µM H2PtCl6 with the electrode biased at -0.8 V vs Cp2Fe
0/+, which 
corresponds to a 5,000 atom cluster (average charge passed during the collision was 0.2 nC). 
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Figure 3.4 – Cluster Kinetics and Collisions – (A) Cyclic voltammograms of the reduction of 
H2PtCl6 in water and 20 mM phosphate-buffered saline on a Au ultramicroelectrode (orange), the 
reduction of water on a platinum ultramicroelectrode (grey), and the reduction of water on a gold 
ultramicroelectrode (yellow). The scan rate in each voltammogram was 50 mV/s, and the current 
was normalized to the highest current value in the run. Voltammograms were taken in deaerated 
solutions of 0.1 M phosphate-buffered saline. (B) Schematic representation of the catalysis 
experiment. (C) i-t curves representing the collision of water droplets with 24.4 mM H2PtCl6 on 
a gold ultramicroelectrode biased at -0.9 V vs Cp2Fe
0/+. The leveling off of the large peak after 
60 s is due to detector saturation. (D) i-t curves representing the collision of water droplets with 5 
µM H2PtCl6 on a gold ultramicroelectrode biased at -0.8 V vs Cp2Fe
0/+. (E) i-t curves 
representing the collision of water droplets with 250 nM H2PtCl6 on a gold ultramicroelectrode 
biased at -0.8 V vs Cp2Fe
0/+. (F) i-t curves representing the collision of water droplets with 32 
nM H2PtCl6 on a gold ultramicroelectrode biased at -0.8 V vs Cp2Fe
0/+. In each of the 
amperometric experiments, the sample rate was 50 ms. The reference was Ag/AgCl, and the 
auxiliary electrode was a platinum wire. Solutions were bubbled with N2 before experiments. 
The continuous phase was a solution of dichloromethane with 0.1 M [TBA][ClO4]. 
  
 The responses observed in the amperometric i-t trace (an initial current spike followed by 
a decay) may be due to the instability of the droplet or cluster as well as electrolysis of the 
droplet; however, we have also investigated the fate of the cluster post-deposition (vide infra). 
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Figure 3.4E shows a representative i-t curve for droplets containing 250 nM H2PtCl6, where the 
decrease in current could be an inactive droplet (i.e., a droplet where a cluster did not form or 
formed quickly and deactivated) blocking background O2 reduction on the Au 
ultramicroelectrode. Figure 3.4F shows a representative i-t curve for droplets containing 12 nM 
H2PtCl6 with the electrode biased at -0.8 V vs Cp2Fe
0/+, which corresponds to a ~10 atom cluster 
(average charge passed during collision was 9.9 pC). Events were chosen where peaks exceeded 
a S/N threshold of 3.    
 As mentioned previously, in these studies, we cannot definitively distinguish the 
difference between one cluster forming and a few smaller clusters forming. However, from the 
classical nucleation and growth literature, ultramicroelectrodes have been used to nucleate and 
grow one particle on the surface because the smaller size of the electrode decreases the 
probability of several energetically favorable deposition sites.50-56 It is also well-known that the 
growth of a crystal during electrodeposition is more favorable on a nucleated phase than on the 
substrate.38  
 
3.2.2 Using Cyclic Voltammetry to Interrogate Single Platinum Clusters 
 
 Unfortunately, the effect of cluster size on electrocatalysis is difficult to ascertain using 
the amperometric technique compared to voltammetry due to complicating factors like potential 
bubble formation and change in pH during electrolysis. These deleterious effects also preclude 
bulk electrolysis types of analyses outlined in previous work.39 To probe the fate of the cluster as 
well as gain an independent means of verifying the size, clusters were nucleated on an 
ultramicroelectrode, taken out of solution and gently washed (first with acetone and then with 
water), and placed in a deaerated solution of 40 mM HClO4 and 100 mM NaClO4 for 
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voltammetric characterization. One powerful aspect of this method is the ability to see the 
nucleation of a cluster unambiguously in the amperometry before switching solutions. These 
experiments were first attempted with a gold ultramicroelectrode; however, no differences in 
voltammetry were observed pre- and post-deposition. Therefore, carbon fiber 
ultramicroelectrodes were used as carbon shows a larger overpotential for proton reduction 
compared to platinum and gold.31 Figure 3.5A shows the amperometric response for platinum 
cluster formation on carbon ultramicroelectrodes at -1 V vs Cp2Fe
0/+. This potential was chosen 
such that H2PtCl6 reduction (E1/2 ~ +0.2 V vs Ag/AgCl)
54 and water reduction would be 
favorable on platinum but not on carbon. 
 
Figure 3.5 – Voltammetry of Clusters – (A) Amperometric i-t curve representing 6 collisions 
of water droplets containing 585 nM H2PtCl6 on a carbon fiber ultramicroelectrode biased at -1 
V vs Cp2Fe
0/+. The blue inset is a separate collision experiment on the same electrode taken 
before voltammetric characterization. (B) Voltammogram (scan rate 50 mV/s) of the carbon fiber 
ultramicroelectrode in a deaerated solution of 40 mM HClO4 and 100 mM NaClO4 (black trace). 
The red trace corresponds to the voltammogram in the same solution after the deposition shown 
in Figure 3B. (C) Schematic representation of platinum clusters and a plot of how the cluster 
radius depends on the number of atoms in the cluster for a face-centered cubic unit cell 
estimation. (D) Voltammogram (scan rate 50 mV/s) of the carbon fiber ultramicroelectrode in a 
deaerated solution of 20 mM HClO4 and 100 mM NaClO4 (black trace). The red trace 
corresponds to the voltammogram in the same solution after the deposition of one cluster from a 
droplet containing 485 nM H2PtCl6. In each of the amperometric experiments, the sample rate 
was 50 ms. In all experiments, the reference was Ag/AgCl, and the auxiliary electrode was a 
platinum wire. Solutions were bubbled with N2 before experiments.  
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 To evaluate this method, six clusters of ~600 atoms of Pt were collected from a collision 
experiment. Figure 3.5A shows the amperometric i-t response for the collisions of these clusters, 
which are circled in red. The inset is a separate collision that occurred on the first run. 585 nM 
H2PtCl6 was dissolved in the water droplets, and the potential was biased at -1 V vs Cp2Fe
0/+. 
From the amperometry, it was obvious that platinum clusters had nucleated on the surface, 
indicated by the spike-like behavior seen throughout this study. These clusters were then placed 
in a 40 mM HClO4 and 100 mM NaClO4 solution for voltammetric analysis. The black curve in 
Figure 3.5B represents the carbon fiber electrode before deposition, and the red curve in Figure 
3.5B represents the electrode after deposition. The corresponding limiting current (ilim, ~1.6 nA) 
can be used to estimate the size of the deposit, assuming a spherical geometry: 
𝒊𝒍𝒊𝒎 = 𝟒𝝅𝐥𝐧 (𝟐)𝒏𝑭𝑫𝑪𝒓𝑵𝑷   Equation 3.3 
where n is the number of electrons transferred (for H+, n = 1), F is Faraday’s Constant, D is the 
diffusion coefficient of proton (9.3 x 10-5 cm2 s-1), C is the concentration of proton (40 mM), and 
rnanoparticle is the apparent radius of the Pt nanoparticle. The choice of a spherical geometry was 
arbitrary. From the limiting current in Figure 3.5C, the apparent radius of the Pt nanoparticle is 
~ 5.1 nm. One can estimate the relationship between number of atoms and nanoparticle radius by 
considering 4 atoms of platinum per face-centered cubic unit cell. This relationship is shown in 
the graph in Figure 3.5C as well as the schematic. From this estimation, a 600 atom cluster 
would have a radius of ~1.2 nm. If 6 clusters were deposited on the electrode surface, the 
effective radius would be ~8 nm.  
 Single clusters can also be isolated on the ultramicroelectrode by changing solutions after 
observing one current blip. After observing a single blip in the amperometric i-t trace, which was 
due to the collision of a droplet containing 488 nM H2PtCl6, the electrode was carefully removed 
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from solution, washed with acetone and water, and placed in a deaerated solution of HClO4 and 
NaClO4. Figure 3.5D shows voltammograms of the background (black trace) before the 
deposition and post-deposition (red trace). The limiting current (~350 pA) corresponds to a Pt 
nanoparticle with a radius of 2.2 nm using Eq. 2. The graph in Figure 3.5C predicts a ~500 
atoms cluster to have a radius of ~1.3 nm. From these results, the clusters seem to stay on the 
electrode surface at least through two washing steps. Despite clear evidence of cluster 
voltammetry, the amperometric response does not correspond to complete droplet electrolysis. 
This observation may support the formation of a nanobubble and/or change in pH, which 
suppresses electrocatalysis. We have observed deactivation over time and sharp deactivation, 
where the cluster has been completely compromised; therefore, the stability of the clusters on the 
electrode surface is an open question. Interestingly, the reduction of protons on platinum clusters 
was much more negative than the reduction of protons on bulk, polycrystalline platinum. The 
change in potential is convoluted with cluster size57 and heterogeneous kinetic limitations at 
small clusters on carbon supports.  
 In sum, we have demonstrated a method to size-selectively fabricate and observe 
electrocatalysis of platinum clusters on gold and carbon ultramicroelectrodes with follow-up 
voltammetric characterization. Size-selection was achieved by controlling the initial amount of 
H2PtCl6 dissolved in the water phase. We also demonstrated the possibility of isolating and 
voltammetrically characterizing clusters on carbon ultramicroelectrodes. One major advance is 
the use of voltammetry to measure the size of a single cluster on a 10 µm surface, which would 
be difficult using electron microscopy. Optimizing the monodispersity18 of the droplets and 
investigations into other electrocatalytic systems will begin to elucidate electrochemical behavior 
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on a cluster-by-cluster basis, where eventually the effects of cluster size, morphology, and 
substrate material on electrocatalysis can be rigorously evaluated. 
 
3.3 Electrodeposition of Pt Nanoparticles from Nanoreactors 
 
 While the previous section dealt with nanomaterials at the atom cluster level, the 
generation of larger nanoparticles represents a parallel application readily achieved by adding 
large concentrations of metal salt precursors to sub-femtoliter water droplets. Indeed, prodigious 
resources are currently being devoted to control the size and morphology of metal nanoparticles. 
Several homogeneous chemical and photochemical techniques exist for the synthesis of metal 
nanoparticles; however, these synthetic methods generally leave a distribution of nanoparticle 
shapes and sizes and require a stabilizing ligand to prevent aggregation. Direct electrodeposition 
of metal nanoparticles onto conductive surfaces is a versatile technique. However, spatial control 
on the conductive surface is difficult to attain, even on well-behaved materials like highly 
oriented pyrolytic graphite. In this section, we demonstrate spatial control of Pt nanoparticles on 
amorphous graphite by confining a precursor metal salt to a water droplet suspended in 1,2-
dichloroethane. When a graphite electrode was placed in solution and biased at a mild potential 
(-0.7 V vs the ferrocene/ferrocenium couple, Cp2Fe
0/+), droplet mediated electrodeposition 
produced nanoparticles characterized by the electrochemical collision method and scanning 
electron microscopy. The flux of droplets to the graphite surface followed the Cottrell 
relationship for semi-infinite linear diffusion. Pt nanoparticle size-selectivity can be directly 
modulated by tuning the initial concentration of H2PtCl6 in the droplet. Interestingly, the size, 
morphology, roughness, and coverage are shown to be influenced by the surfactant used to 
stabilize the water droplets, the concentration of H2PtCl6, and the deposition potential. We also 
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demonstrate that the method can be extended for the deposition of several other metal 
nanoparticles, including silver, gold, copper, tin, iron, and cerium onto various substrates such as 
gold, silicon, boron-doped diamond, and highly oriented pyrolytic graphite. The advantage of 
this technique is that size-selective electrodeposition of ligand-free, uniformly distributed 
nanoparticles can be achieved. 
 While the reduction of chloroplatinate to form metallic platinum may appear simple 
based on the chemical equations presented in the previous section, the electrodeposition of a 
new phase onto charged surfaces is an incredibly complicated process.5, 38, 40, 50, 53, 58 According 
to classical thermodynamics, deposition and dissolution occur until a stable atom cluster of a 
critical size is formed, a process described by nucleation kinetics. The particle then 
spontaneously grows as additional precursor is reduced under either mass transfer or 
electrokinetic control, which is described by growth kinetics (see Chapter 4).51, 52 The growth 
process is greatly influenced by diffusion layer overlap between neighboring particles, so-called 
interparticle diffusion coupling.5 Thus, it has been historically difficult to attain size, 
morphology, and coverage control in the electrodeposition of metal nanoparticles onto 
conductive surfaces from solutions of metal precursor salts. Penner and co-workers have used 
slow-growth4, 59 to prevent this diffusion layer overlap and overcome interparticle diffusion 
coupling on highly oriented pyrolytic graphite, which has allowed them to achieve size-
selectivity. This double-step technique, where the electrode is initially biased at a high 
overpotential for nucleation and then switched to a lower overpotential for the growth process, 
allows temporal separation of nucleation and growth. At lower overpotentials, the growth of the 
nanoparticle is electrokinetically hindered, which allows more control over the size, 
morphology, and coverage. Breugelman and co-workers extended the double-step technique to 
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glassy carbon electrodes and synthesized nanoporous platinum with relatively wide size 
distributions and showed its effect on the oxygen reduction reaction.60, 61 Despite these efforts 
on highly oriented pyrolytic graphite and glassy carbon, it has been difficult to separate global 
areas of nucleation from sites of growth on a conductive surface. For instance, nanoparticles will 
nucleate and grow preferentially wherever there is a defect or edge plane on the carbon surface, 
which generally implies an uneven coverage lacking spatial and size selectivity. 
 In this section, we explore electrodeposition from water droplets suspended in 1,2-
dichloroethane as a means to control the size and surface coverage of Pt nanoparticles. In these 
experiments, a metal precursor salt, such as H2PtCl6, is dissolved in the water phase and added 
to a solution of 0.1 M [TBA][ClO4] in 1,2-dichloroethane. [TBA][ClO4] is required in these 
studies to maintain charge balance during the electrodeposition process. For electrons to flow 
from the electrode into the droplet, the potential required is the faradaic potential plus the ion 
transfer potential (plus any liquid junction potentials in the system). Thus, the ion transfer 
potential will also affect the growth kinetics. Upon sonication, this mixture forms an emulsion. 
Dynamic light scattering and electrochemical investigations indicate the droplets are ~500 nm in 
radius and stable for 30 minutes with sodium dodecyl sulfate and even without surfactant, as 
previously reported by Kim and co-workers44, and up to 80 minutes in the presence of 10 mM 
Span-20 (vide infra).  
 In the previous section, we reported the observation of very small amounts of H2PtCl6 in 
the droplets (nM to µM), which corresponded to tens to thousands of molecules of H2PtCl6, by 
the collision of the droplet on a gold or carbon fiber ultramicroelectrode.62 In this work, we 
introduced mM quantities of H2PtCl6 into the droplets so that we could observe the nanoparticle 
size and morphology using scanning electron microscopy after deposition onto amorphous 
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graphite rods. While a surfactant is used to stabilize the droplets and observe differences in 
electrodeposition, no ligand is used to stabilize the nanoparticles themselves. It is important to 
distinguish the differences between this technique and homogeneous techniques for nanoparticle 
synthesis in terms of surfactant use. While homogeneous techniques require surfactants to 
stabilize the produced nanoparticle, the method presented here requires surfactants to stabilize 
the droplets. With this technique, ligands are not used to stabilize the nanoparticles; thus, 
nanoparticles can be studied without complicating factors that ligands may introduce (i.e., 
blocking surface sites for electron transfer in electrocatalysis studies).  
 The graphite rods were placed in the emulsion solution, and a bias of -0.7 V vs Cp2Fe
0/+ 
was applied41, 63-65. Because the electrode was large (~ 3 mm in radius), individual droplet 
collisions could not be resolved against the background. However, scanning electron 
microscopy was used to visualize the nanoparticles, and energy-dispersive X-ray spectroscopy 
as well as X-ray photoelectron spectroscopy were used for elemental analysis to confirm the 
presence of Pt0 post-deposition. The existence of collisions in the amperometric i-t response on a 
Pt ultramicroelectrode and scanning electron microscopy micrographs of the graphite surface 
indicated that the droplets would interact with the conductive substrate, and the H2PtCl6 would 
be reduced to elemental platinum. For this to be true, a small contact area must exist between the 
graphite surface and the solution of H2PtCl6 in the droplet.
16, 18, 39, 42, 43, 45, 66 Figure 3.6 gives a 
schematic representation of the experiment showing control over the size distributions of 
particles formed, particle roughness,  coverage over the graphite surface, and particle 
morphology. While other groups have reported the synthesis of nanoparticles from water 
droplets, these synthetic routes generally leave a range of sizes and require bulky stabilizing 
ligands.67, 68 
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Figure 3.6 – Nanoparticle Deposition Schematic – Graphical representation of the 
experimental method highlighting the ability to tune concentration of metal precursor, deposition 
time, deposition potential, and surfactant species to gain control over nanoparticle size, porosity, 
coverage, and morphology. The center graphic represents the mechanism of deposition as a 
droplet stochastically collides with the electrode surface, where its contents are electrolyzed to a 
Pt0 nanoparticle. 
  
 Surprisingly, the nanoparticles we observe are rough and porous (see Section 3.4.1), and 
we demonstrate the extent of roughness can be controlled by changing the surfactant and 
deposition potential. Under similar conditions, the electrodeposition of H2PtCl6 in water with and 
without supporting electrolyte shows cubic growth that is much less rough than deposition using 
our reported droplet method. We also show that the roughness and size changes as a function of 
the concentration of H2PtCl6 initially dissolved in the droplet. The flux of droplets to the 
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electrode surface is shown to be Fickian and gives a surface coverage predicted by the Cottrell 
equation. This general behavior implies that surface coverage can be directly controlled via the 
timeframe of electrodeposition. The method was extended to several other metals and substrates 
to demonstrate versatility. Not only does this electrodeposition method solve the interparticle 
diffusion coupling problem by confining the metal salt to a small volume, a wide range of 
control is observed with variables that are otherwise not available for current electrodeposition 
techniques.  
 
3.3.1 Controlling Nanoparticle Size: Effect of Metal Salt Concentration 
 
 The extensive control achieved by the method presented in this report lies in the ability to 
tune specific characteristics of  nanoparticles by changing simple parameters such as metal 
precursor concentration, deposition time, deposition potential, and surfactant species. Gaining 
control over the size of fabricated nanoparticles is highly desirable due to the unique properties 
nanomaterials tend to exhibit when compared to the same material in bulk.69 This method 
provides two parameters to directly control the size of depositions, namely the concentration of 
metal precursor added to the aqueous phase and the specific size of the emulsion droplets. This 
implies polydispersity in the nanoparticle radii are directly correlated with polydispersity in the 
synthesized droplet radii. After deposition of nanoparticles onto the graphite electrode, images 
were taken by scanning electron microscopy to investigate the size, morphology, and coverage of 
the surface. Figure 3.7a shows an example of two representative nanoparticles deposited from a 
water/[TBA][ClO4] emulsion system containing 97.6 mM H2PtCl6. 
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Figure 3.7 – Nanoparticle Size Control – (a) Energy-dispersive X-ray spectroscopy spectra of 
individual nanoparticles on the graphite surface indicates strong presence of Pt. Inset images 
show two representative particle morphologies that appear to depend on size. When a critical 
radius ~50 nm is reached, the dendritic nanoparticle structures become less common and the 
spherical structures dominate. Images taken at 30 keV and 0.69 nA. (b) Compiled radius data 
fitted to a power function estimates particle growth at increasing concentrations of H2PtCl6. 
Theoretical spherical nanoparticle radius plotted in red underestimates observed radii, suggesting 
particle roughness contributes to size. (c) Histogram showing distribution of observed radii from 
deposition of 5 mM H2PtCl6. Theoretical distribution calculated assuming spherical, solid 
nanoparticles from dynamic light scattering and amperometric data. Statistical evaluation was 
made utilizing a one-way ANOVA, which showed statistical significance with an F-value of 
3452. 
 
 Using energy-dispersive X-ray spectroscopy at 30 keV, the nanoparticle was investigated 
and confirmed as Pt, as shown in Figure 3.7a. The metallic valence state of the nanoparticles 
was validated using X-ray Photoelectron Spectroscopy. It should be noted that energy-dispersive 
X-ray spectroscopy spectra were taken around each nanoparticle on the graphite surface, and no 
indication of Pt was observed. A plot of the nanoparticle size as a function of H2PtCl6 
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concentration in the droplet is shown in Figure 3.7b. Each point in Figure 3.7b depicts an 
average over at least 200 size measurements. An Analysis of Variance (ANOVA) evaluation 
indicated the statistical significance of all points with a p < 0.05 (as indicated by the single 
asterisk in the plot). The ANOVA test is sensitive to statistically insignificant variance among 
mean and standard deviation values within a data set, which is why it was chosen throughout this 
study. If the mean or standard deviation were found to be insignificant, as in Figures 3.8 and 3.9 
below, an unpaired t-test was performed on adjacent points to further clarify the significance of 
data (as indicated by the double-dagger). The deviation of the experimental results at higher 
concentrations of H2PtCl6 and convergence to the expected spherical estimation at lower 
concentrations of H2PtCl6 allows one to estimate the average degree of roughness of the 
nanoparticles synthesized. From these results, the degree of roughness is ~40%. The variability 
for the results plotted in Figure 3.7b can be attributed to the inherent polydispersity of the 
emulsion system as well as changes in morphology observed at critical radii. 
 
3.3.2 Controlling Nanoparticle Roughness: Effect of Surfactant 
 
One of the unique findings of this study was the apparent roughness of nanoparticles 
deposited from emulsion systems. We found that altering the surfactant species and deposition 
potential allowed measurable control over the roughness of these deposited nanoparticles. As 
previously discussed, the addition of a surfactant species to the emulsion system demands 
careful consideration of the potential reactivity between surfactant and metal precursor, as well 
as the ability for electron transfer to the electrode surface through the surfactant stabilized 
droplet. We found sodium dodecyl sulfate and Span-20 compatible with our system, and 
observed an increase in the roughness of deposited nanoparticles upon their addition. Figure 
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3.8a-d shows the analysis of four representative particles (top row) electrodeposited, imaged, 
and analyzed using a 2D Ricker Wavelet (middle row).  
 
Figure 3.8 – Effect of Surfactant on Roughness – Scanning electron microscopy, Ricker 
wavelet, and 3D rendered images for (a) Pt nanoparticles electrodeposited at -0.2V vs Ag/AgCl 
for 1000 s from an aqueous solution of 25 mM H2PtCl6 with 250 mM sodium perchlorate 
supporting electrolyte (b) Pt nanoparticles electrodeposited at -0.2 V vs Ag/AgCl for 1000 s 
from an emulsion of 25 mM H2PtCl6 prepared with no surfactant, (c) 100 mM sodium dodecyl 
sulfate, (d) 10 mM Span-20. (e) A Ricker wavelet analysis was used to semi-quantitatively 
characterize roughness, showing substantial differences between particles deposited from 
aqueous solution (a) and nanoparticles deposited from small-volume droplets in the emulsion 
system (b, c, d). Statistical evaluation was made using a one-way ANOVA, which showed 
statistical insignificance. Unpaired t-tests were run between adjacent data sets with significant 
points (p>0.05) marked with a double dagger. 
 
An analysis of the Ricker wavelet image, detailed in Chapter 2, indicates 
water/[TBA][ClO4], 100 mM sodium dodecyl sulfate, and 10 mM Span-20 having average 
relative roughness values of 46, 50, and 54% respectively, with a t-test indicating statistical 
significance between all adjacent points. To establish a baseline, we directly electrodeposited 25 
mM H2PtCl6 from an aqueous solution onto a graphite electrode held at -0.2 V and analyzed the 
surface using scanning electron microscopy, which showed a high coverage of cubic Pt 
nanoparticles. The Ricker wavelet analysis predicted a relative roughness value of 35% for these 
particles, which allows a benchmark for comparing the roughness values with varied surfactant. 
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A 3D rendition of these representative particles using the greyscale values as z-coordinates 
further visually establishes roughness, which is shown in the third row of Figure 3.8. Figure 
3.8e shows the statistical analysis of different roughnesses with various surfactant species, 
highlighting the control obtained through variation of the surfactant species.  
 
Figure 3.9 –  Effect of Potential on Roughness – Scanning electron microscopy, Ricker 
wavelet, and 3D rendered images for (a) Pt nanoparticles electrodeposited at -0.2 V (b) -0.1 V 
(c) 0.1 V (d) and 0.2 V vs Ag/AgCl for 1000 s from a water/[TBA][ClO4] emulsion of 25 mM 
H2PtCl6. (e) Plot comparing relative roughness values as measured by Ricker wavelet. Statistical 
evaluation was made utilizing a one-way ANOVA, which showed statistical insignificance. 
Unpaired t-tests were run between adjacent data sets with significant points (p > 0.05) marked 
with a double dagger. 
 
 As an additional method for tuning roughness, we explored varying the deposition 
potential between 0.3 and -0.2 V for 25 mM H2PtCl6 in a water/[TBA][ClO4] emulsion system. 
The analysis of particles presented in Figure 3.9a-d show a general trend of increasing 
roughness as the deposition potential is made more positive. As the reduction potential of 
H2PtCl6 was approached, we observed a sharp decrease in coverage, with the deposition at 0.3 V 
showing no obvious nanoparticles. Figure 3.9e shows the statistical analysis based on varying 
deposition potential and indicates that when comparing depositions at positive potentials (0.1 
and 0.2 V), there is no significant difference between data sets. The increase in roughness 
indicates that when the growth of the nanoparticle is slowed down by using lower 
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electrodeposition overpotentials, dendritic structures are favorable. Measurements below -0.2 V 
were not successful due to adverse surface chemistry with the graphite electrode. 
 
3.3.3 Controlling Nanoparticle Coverage: Effect of Deposition Time 
 
 One of the main limitations of general electrodeposition methods is the tendency for the 
deposited material to nucleate and grow on defects and edge planes due to increased mass 
transfer to these areas and favorable thermodynamics for nucleus formation.5 Decoupling this 
nucleation and growth is difficult to achieve, but necessary to ensure a uniform coverage of 
deposited material on a substrate. One of the advantages of the method presented in this study is 
the ability to decouple these sites of nucleation and growth based on the limited concentration of 
metal precursor delivered to the surface by individual droplets. As shown in Figure 3.10a-b, the 
coverage provided by this method was quantified by depositing 25 mM H2PtCl6 in a 
water/[TBA][ClO4] emulsion system and analyzing the number of particles per image area with 
an ImageJ procedure detailed in Chapter 2.  
 Assuming a diffusion-controlled system, flux of droplets to the surface can be modeled 







𝟐   Equation 3.4 
where A is the area of the electrode, C* is the bulk concentration of droplets in solution, D is the 
diffusion coefficient of the droplets as calculated by the Stokes-Einstein equation45, 70, 71, t is the 
deposition time, and F is Faraday’s constant. When the equation is integrated and normalized to 
area,  an equation for the coverage of nanoparticles is realized: 











𝟐 𝑵𝑨   Equation 3.5 
 
Figure 3.10 – Coverage Control – (a) Scanning electron microscopy image of a graphite 
surface following deposition of Pt nanoparticles at -0.2 V from 97.6 mM H2PtCl6 in a 
water/[TBA][ClO4] emulsion system for 1000 s. (b) Image processed and analyzed by adjusting 
the contrast threshold, then utilizing the “Particle Analysis” function of ImageJ to determine the 
number of particles per unit area. (c) Coverage/m2 plotted as a function of deposition time, where 
coverage is defined as the number of nanoparticles per square meter. The data conform to the 
derived Cottrell equation (plotted in red), indicating that mass transfer is mainly controlled by 
diffusion. Statistical evaluation was made utilizing a one-way ANOVA, which showed statistical 
significance with an F-value of 28.1. 
 
where all terms are as previously defined. Based on the data presented in Figure 3.10c, it is 
apparent that the coverage over the electrode surface reflects the theoretical coverage from a 
diffusion controlled system. Migration and convection may also be present, with the previously 
reported -48 mV zeta potential on water/[TBA][ClO4] droplets
44 contributing to migration and 
the temperature gradient caused by evaporation of solvent contributing to convection. Closer 
analysis of these two sources of mass transfer indicates that they may compete against one 
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another. Whereas the applied negative potential repels negatively charged droplets from the 
surface and should cause the coverage of droplets to decrease, convective transport increases 
mass transfer and should cause the coverage of droplets to increase. However, the Fickian 
behavior as predicted by the Cottrell equation for particle coverage suggest diffusion as the main 
mode of mass transfer.  
 
3.3.4 Control of Nanoparticle Morphology 
 
In addition to controlling size, concentration, and coverage of nanoparticles on the 
graphite substrate, we also discovered some interesting morphologies obtainable by varying 
experimental parameters. For example, in the 97.6 mM H2PtCl6 water/[TBA][ClO4] system, 
nanoparticles with radii greater than 50 nm generally appeared spherical, while smaller 
nanoparticles would often show a more dendritic morphology. This observation could be altered 
by the addition of surfactants such as Span-20, which generated dendritic particles up to radii of 
100 nm, further enhancing the surface area of the particles. Because dendritic structures do not 
have definite radii, our ImageJ analysis treats them as circular to obtain a radius, which may bias 
the analysis toward larger sizes at lower concentrations. In addition to the roughness gained by 
the addition of sodium dodecyl sulfate to concentrations of H2PtCl6 below 25 mM, we found 
that major morphological alterations appear for Pt nanoparticles deposited from larger 
concentrations of H2PtCl6. Figure 3.11a-b shows images of Pt nanoparticles resembling cones 
and pillars deposited from 50 mM H2PtCl6 in a 100 mM sodium dodecyl sulfate emulsion 
system. 
 While appearing separately, these morphologies would also sometimes combine to form 
superstructures, as shown in Figure 3.11c-d, where the structure in panel d is inverted 
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presumably due to cleaning or transportation for scanning electron microscopy analysis. In order 
to more readily study the electrodeposition process itself, surfactants may be omitted as long as 
the experiments can be carried out within the timeframe of droplet stability (ca. 30 minutes). 
 
Figure 3.11 – Unique Morphologies – (a) Scanning electron microscopy image of a conical Pt 
structure following deposition of 50 mM H2PtCl6 at -0.2 V in a 100 mM sodium dodecyl sulfate 
emulsion system. This particle morphology represents the majority of the observed 
nanoparticles. (b) Image showing a conical Pt structure with dendritic pillar-like growths 
emerging from the top deposited under the same conditions. (c) Image of Pt superstructure with 
Pt pillars emerging from conical Pt nanoparticles. These superstructures with estimated radii 
around 1 μm were distributed evenly over the surface of the electrode. (d) Image of a flipped 
superstructure showing the tips of the conical base nanoparticles. 
 
3.3.5 Deposition of Other Materials onto a Variety of Substrates 
 
Though we have focused on the specific characterization of platinum as a model material 
for this work, we show that this emulsion deposition method can be easily extended to generate 
other nanomaterials. Figure 3.12a-f shows a variety of energy-dispersive X-ray spectroscopy 
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spectra with inset scanning electron microscopy nanoparticle images electrodeposited from 25 
mM solutions of various metal precursors such as AgNO3, HAuCl4, CuSO4, FeCl3, SnCl2, and 
CeCl3. 
 
Figure 3.12 – Deposition of Various Metals – (a) Energy-dispersive X-ray spectroscopy 
spectra of nanoparticles deposited at -0.2 V from 25 mM silver (I) nitrate (b) 25 mM gold (III) 
chloride (c) 25mM copper (II) sulfate (d) 25 mM iron (III) chloride (e) 25 mM tin (II) chloride 
and (f) 25 mM cerium (III) chloride in a water/[TBA][ClO4] emulsion system for 1000 s. 
 
The successful deposition of these particles from water-soluble metal precursors suggests 
that a wide variety of other particles with water-soluble precursors may also be electrodeposited.  
The deposition of Ag and Au nanoparticles also lays a foundation for the optical investigations 
taking advantage of the plasmonic resonances of Ag and Au. Though nanoparticles were 
consistently observed, the coverage over the graphite substrate and size of the individual 
particles varied from the deposition of platinum under the same conditions, suggesting a possible 
difference in droplet stability or deposition mechanism.  
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In addition to applications with multiple deposition precursors, we also show the 
extended application of this method to electrodeposit on substrates other than amorphous carbon. 
Figure 3.13 shows the results of electrodeposition on gold (Figure 3.13a), highly oriented 
pyrolytic graphite (Figure 3.13b), P-doped conductive silicon (Figure 3.13c), and boron-doped 
diamond (Figure 3.13d).  
 
Figure 3.13 – Deposition onto Various Substrates – (a) Fe nanoparticles deposited from a 25 
mM FeSO4 emulsion system onto a polished Au wafer. Nanoparticles seem to be contained 
within areas of discoloration, which may correlate to the collision area of individual droplets. (b) 
Pt nanoparticles deposited from a 25 mM H2PtCl6 emulsion solution onto a highly oriented 
pyrolytic graphite substrate. Unique Pt nanowire morphologies were frequently observed 
indicating that the mechanism of deposition may vary between substrates. (c) Pt nanoparticles 
deposited from a 25 mM H2PtCl6 emulsion system onto a P-doped conductive Si wafer 
(resistivity 0.001-0.005 Ohm-cm). (d) Pt nanoparticles deposited from a 25 mM H2PtCl6 
emulsion system onto a boron-doped diamond wafer. Pt nanoparticles exhibited a high degree of 
roughness on this substrate, further increasing particle surface area. 
We chose to electrodeposit iron nanoparticles onto the gold surface since the energy-
dispersive X-ray spectroscopy signal from iron is easily distinguishable against the gold 
background. Interestingly, from the scanning electron microscopy micrographs, one can also 
make out areas where the droplet may have been interacting with the underlying gold substrate. 
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Platinum was deposited from water droplets with chloroplatinate onto highly oriented pyrolytic 
graphite, silicon, and boron-doped diamond, all of which showed nanoparticles that were 
confirmed by energy-dispersive X-ray spectroscopy during scanning electron microscopy 
analysis. These results greater represent the universality of the method, as the electrodeposition 
of nanoparticles onto other conductive substrates has historically been a great challenge. 
3.4 Quantifying Porosity for Single Pt Nanoparticles 
3.4.1 Focused Ion-Beam nanoSlice Tomography  
 
 As discussed in the previous section, nanoparticles electrodeposited from water 
nanodroplets had rough exteriors, causing us to hypothesize that they might be internally porous. 
In this section we demonstrate quantitation of porosity and nanopore tortuosity at the single 
nanoparticle level for nanoparticles synthesized by droplet-mediated electrodeposition. A 
technique we invented, Focused Ion Beam-nanoSlice Tomography, was used to slice 
nanoparticles with ca. 10 nm slice resolution followed by imaging using scanning electron 
microscopy, allowing measurement of these parameters on nanoparticles not amenable to 
transmission electron microscopy. Slices were reconstructed in 3D and revealed pores with an 
average size of 3 ± 2 nm and relative nanopore tortuosity of 46.8 ± 24.5. The technique allows 
single nanoparticle porosity and nanopore tortuosity to be studied without the use of transmission 
electron microscopy, which eliminates the need for electrodeposition onto transmission electron 
microscopy grids.  
 As previously stated, our motivation to pursue these new techniques stems from our 
previous work72, 73, where we reported the electrodeposition of Pt nanoparticles (radius ca. 25 to 
250 nm) from water droplets onto amorphous carbon with experimental control over particle 
size, surface roughness, and surface coverage.72 In that study, the nanoparticles exhibited varying 
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degrees of surface roughness depending on electrodeposition parameters,  such as droplet-
stabilizing surfactant species, surfactant concentration, and electrodeposition potential. One can 
estimate the theoretical size of an electrodeposited nanoparticle by assuming each molecule of 
chloroplatinate in the water droplet reduces to a Pt atom during electrodeposition. 
 
 
Figure 3.14 – Particle Volume Analysis – Observed (blue trace) and theoretical (red trace) 
particle radius as a function of H2PtCl6 added to water droplets for electrodeposition. The 
observed particle radius exceeded the theoretical hemisphere increasingly at higher 
concentrations, suggesting volume contribution from sources other than platinum.  
  
 We previously showed that this assumption is valid by studying the collision of these 
chloroplatinate-filled water droplets on ultramicroelectrodes (rultramicroelectrode = 10 µm), where the 
complete electrolysis of the droplet can be studied. In these experiments, Faraday’s Law was 
used to calculate the size of the droplet by integrating the i-t transient, and these results overlaid 
well with dynamic light scattering results. Based on the number of atoms calculated from the 
metal precursor concentration and the volume of the face-centered cubic unit cell, the resulting 
nanoparticle radius can be estimated. When compared to the observed particle radii synthesized 
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in the previous section, this model consistently underestimated nanoparticle size, suggesting 
some other volume contribution. Figure 3.14 shows the radius estimation (red) and data we 
previously reported49 (blue) as a function of metal-salt precursor concentration in the droplet. 
One possible explanation for this volume discrepancy is that the nanoparticles are porous. 
Unfortunately, single nanoparticle porosity is difficult to probe on amorphous carbon. Generally, 
transmission electron microscopy is used to study nanoparticle porosity; 74-76 however, 
transmission electron microscopy would necessitate electrodeposition on a transmission electron 
microscopy grid, and the electrodeposition mechanism is known to change on different 
substrates.  
 While a number of analytical techniques have been applied to nanoparticle 
characterization, we found it difficult to find a robust technique to quantify porosity at the single 
nanoparticle level on a variety of  substrates. Semi-quantitative porosity measurements obtained 
with techniques such as transmission electron microscopy prohibit clear analysis of pore density 
and diameter as a function of depth into the particle, especially with larger (>100 nm radius) 
nanoparticles, which may be opaque to electron transmission (Figure 3.15).77  
 
 
Figure 3.15 – Transmission Electron Microscopy Images of Pt Nanoparticles – (a) Closeup 
image of Pt nanoparticles electrodeposited onto a carbon transmission electron microscopy grid 
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displays partial opacity for particles >100 nm in diameter, which precludes accurate porosity 
analysis by electron transmission techniques. (b) View of a range of nanoparticle sizes further 
establishes particle opacity.  
  
 Another important physical property of pores known as tortuosity is also unavailable 
from transmission electron microscopy analyses. Tortuosity is a measure of the degree of 
nanopore winding and is generally calculated by dividing nanopore length by displacement, thus 
requiring individual pore tracking as a function of depth through the nanoparticle. By this 
definition, a perfectly non-tortuous nanopore has a tortuosity value of 1, where tortuosity is never 
less than 1.  
Transmission electron microscopy also necessitates nanoparticle fixation onto 
transmission electron microscopy grids, which, though generally innocuous for ligand-stabilized 
nanoparticles suspended in solution, may complicate analysis for nanoparticles synthesized via 
direct nanoparticle electrodeposition. Unfortunately, the electrodeposition mechanism varies 
widely depending on the substrate chosen, as shown in Figure 3.16a-d. Importantly, the particles 
electrodeposited on boron-doped diamond (BDD, Figure 3.16a), highly oriented pyrolytic 
graphite (Figure 3.16b), and amorphous graphite (Figure 3.16c) differ significantly in 
morphology from the nanoparticle electrodeposited onto a carbon transmission electron 
microscopy grid, as shown in Figure 3.16d.  
 Therefore, the ideal tomographical technique effectively probes and quantifies 
internal porosity and tortuosity of single nanoparticles on a variety of non-specialized substrates 
with high resolution. Previously, groups have used focused ion beam lithography to cross-section 
and image films, particle packing density, and hollow cavities in microspheres.78-82 Commonly 
termed “focused ion beam tomography”, this technique employs a gallium ion beam to slice a 
material of interest for subsequent imaging by scanning electron microscopy in a dual-beam 
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configuration. To our knowledge, however, focused ion beam tomography has not been used to 
study porosity and tortuosity inside individual nanoparticles. 
 
Figure 3.16 – Morphology Changes on Various Substrates – (a) Representative Pt 
nanoparticle deposited from 25 mM HCPA onto a boron-doped diamond substrate shows highly 
dendritic morphology. (b) Representative Pt nanoparticle deposited from 25 mM HCPA onto a 
highly oriented pyrolytic graphite substrate shows elongated morphology. (d) Representative Pt 
nanoparticle deposited from 25 mM HCPA onto an amorphous graphite substrate shows rough, 
hemispherical morphology.  (d) Representative Pt nanoparticle deposited from 25 mM HCPA 
onto a carbon transmission electron microscopy grid. The morphological dependence on 
substrate highlights the need for tomographical probing techniques amenable to multiple 
substrates.   
 
 Thus, we introduced Focused Ion-Beam nanoSlice Tomography for substrate-
independent characterization of single Pt nanoparticle porosity and nanopore tortuosity. Once the 
nanoparticles were loaded into the scanning electron microscopy and beam alignment was 
complete, it took 10-20 minutes to slice nanoparticles and a further 30 minutes for software 
characterization. Further, we also demonstrated that the resolution attained by Focused Ion-Beam 
nanoSlice Tomography allows the visualization and tracing of <5 nm diameter pore networks 
through a single particle with 3D slice resolution between 10 and 20 nm, allowing analysis using 
the nanoSlice technique of nanoparticles down to 45 nm in radius. In these experiments, the 
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lowest detectable pore size was ca. 2 nm. Figure 3.17 shows a schematic representation 
outlining the experimental process and data analysis.  
 
Figure 3.17 – Focused Ion Beam Nanoslice Tomography Workflow – The particle is brought 
into alignment with the ion and electron beam with the focused ion beam orthogonal to the 
nanoparticle and the scanning electron microscopy imaging from 52⁰. A patterning tool slices the 
nanoparticle 10 nm at a time with subsequent imaging producing the raw image stack, shown as 
the Particle Image Stack. Analysis of individual images in the stack generates particle 
parameters, such as pore diameter and density, as a function of depth through use of an open 
source software such as ImageJ. Additionally, reconstruction of stacked images into a 3D 
representation of the particle using a software, such as Thermo-Fisher Avizo, enables surface 
visualization, given as the blue 3D representation above, and permits calculation of parameters 
such as tortuosity, total surface area, and surface area-to-volume ratio.  
  
 Nanoparticles were electrodeposited onto an amorphous graphite substrate and loaded 
into a dual-beam focused ion beam-scanning electron microscopy system for analysis. After 
electron beam alignment, a stage tilt brought the ion beam orthogonal to the particles of interest 
while the electron beam imaged at 52⁰. To preserve our sample, we applied a blind alignment 
procedure for the ion and electron beams to mitigate possible nanoparticle damage by the 
gallium ion beam, as described previously.83 The ion beam then directly patterned 10-20 nm 
slices through the nanoparticle for subsequent imaging. Following nanoparticle slicing and 
imaging, direct analysis of the internal pore structure for each image enabled the quantification 
of pore size and pore density as a function of depth with open-source software ImageJ. Avizo 
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(Thermo Fisher) software was employed to segment the individual components of the particle 
(i.e., solid Pt, pores) and reconstruct the slices into a 3D representation, which enabled the 
visualization and extraction of nanopore tortuosity, total particle surface area, and surface-area-
to-volume ratio.   
 
Figure 3.18 – Sliced Particle Image Stack – (a) Raw image data collected by scanning electron 
microscopy shows progression of slices through a 300 nm diameter nanoparticle. (b) 
Representative orthoslice illustrates pore identification and quantification with randomized 
colors for contrast. (c) Analysis of each individual slice with ImageJ plugin “Particle Analysis” 
allowed quantification of pore density and size. Three representative particles showed stable pore 
density between slices at 3.5 ± 2.6 x 1015 pores per square meter. Pore size also remained stable 
at 3 ± 2 nm in diameter throughout the nanoparticles (n=3065). 
 
 Tomographical analysis of a 300 nm diameter nanoparticle produced the image array 
presented in Figure 3.18a, which indicates internal porosity. Generally, dividing the diameter of 
the particle by the number of slices enabled reasonable estimation of slice depth, indicating ~18 
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nm depth resolution for the example shown in Figure 3.18. Figure 3.18b shows nanopores with 
arbitrary color to indicate an example of which pores are being counted during the analysis. 
Figure 3.18c shows the depth profile results of scanning electron microscopy image analysis 
yielding information on average pore density and pore diameter as a function of depth. Analysis 
of average pore density (pores-per-unit-area) and diameter from the ImageJ plugin "Particle 
Analysis" revealed consistent pore arrangement throughout the particle. The average diameter of 
pores was 3 ± 2 nm and the pore density was 3.5 ± 2.6 x 1015 pores/m2 over analysis of 3065 
pores on three representative particles. Importantly, these results indicate that internal pore size 
and pore density are independent of slice depth, implying any slice on the nanoparticle gives a 
representation of the pore size and pore density throughout the entire nanoparticle.  
 
Figure 3.19 – 3D Porosity Rendering – (a) Surface rendering of nanoparticle by 3D rendering 
of nanoSlice images shows extensive porosity. Image resolution of 0.8 nm/pixel allows clear 
visualization of individual <10 nm pores. Analysis of total particle surface area gives a value of 
1.64 x 10-12 m2 with a surface-area-to-volume ratio 8.02 x 108 m-1, which represents an increase 
of 1050% and 301%, respectively, over a theoretical solid particle with the same dimensions.  (b) 
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Surface rendering showing complete pore network within a single nanoparticle. Comparing the 
pore volume to the total particle volume indicates a porosity value of 16.2% for the nanoparticle 
and the porosity over three representative particles was 15±1%. Individual pore networks colored 
to facilitate visualization based on voxel (3D pixel) interaction between slices. (c) Filtered pore 
network reveals tortuosity of larger pores moving through the nanoparticle. A calculated 
tortuosity factor of 17.4 quantitatively describes the movement of the pores’ center of mass 
through the nanoparticle. (d) Quantification of theoretical (red curve) hemispherical nanoparticle 
growth and the observed (blue curve) radii with volume correction from pore analysis. The green 
curve represents the corrected theoretical curve taking into account the 15% volume correction. 
The correction results in excellent agreement with the observed data. 
 Particle reconstruction from individual slices facilitated extraction of useful parameters, 
such as tortuosity, surface-area-to-volume ratio, and total nanoparticle surface area. Avizo 
streamlines analysis through facile image segmentation of solid Pt and pore content, enabling 
individual 3D representations shown in Figure 3.19a-b.  
 The total pore content shown in Figure 3.19b employs color generation between 
connected pores to highlight continuity through the particle, and pore connectivity was 
distinguished by voxel (3D pixel) overlap. Dividing the pore volume by the total particle volume 
renders porosity as a percent of volume, which had a value of 16.2% for the representative 
particle shown in Figure 4, and 15 ± 1% over three particles. When the size of the theoretically 
predicted nanoparticle radius from the unit cell calculation is corrected for the volume occupancy 
of the pores, excellent agreement with our previous observation is achieved, as shown in Figure 
3.19d. This observation implies the robust quantitative nature of our analysis. Additionally, the 
surface area and surface-area-to-volume ratio for the nanoparticle shown in Figure 3.19 
exceeded that of a theoretical solid particle of the same size by 1060% and 301% respectively. 
Whether this extra surface area is externally accessible is an open question. 
 The visualization and quantification of nanopore tortuosity within nanoparticles achieved 
by Focused Ion-Beam nanoSlice Tomography lends another useful characterization technique 
towards understanding such phenomena as porous nanoparticle-mediated drug delivery and 
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electrocatalysis at the single nanoparticle level.84 Calculation of nanopore tortuosity by a pore 
center-of-mass method described in Chapter 2 indicated a tortuosity value of 46.8 ± 24.5. Many 
of the larger pores demonstrate continuity between slices as shown in Figure 3.19c, allowing 
visualization of tortuosity within the nanoparticle. We believe this method is the first of its kind 
to begin to quantify tortuosity at the single nanoparticle level.  
 While the methods presented above will likely find many applications across different 
fields, there are some limitations to the demonstrated techniques that should be outlined. The 
methods described here do not require specialized optical equipment; however, they do require 
access to a focused ion beam lithography-scanning electron microscopy that is energy-dispersive 
X-ray spectroscopy-capable. Implementing the nanoSlice method on such small particles 
requires careful attention to complicating factors, such as particle degradation and compensation 
for beam drift under both the electron beam and the ion beam. During the necessary control 
experiments to determine the ion beam effect over the entirety of the nanoparticle, we observed a 
high degree of particle instability (i.e., visible surface deformation after beam exposure) over 
short exposure times. Even at ion beam currents of 1.5 pA, the minimum for the instrument used 
in this study, imaging with the ion beam led to obvious degradation of the particle within a one 
second timeframe. To determine the effect of the gallium ion beam on our particles, we subjected 
particles to the lowest possible beam currents (1.5pA) and took scanning electron microscopy 
images to observe the response. Figure 3.20 shows a series of images and timestamps indicating 
nanoparticle instability over short periods of beam exposure at the lowest current.  
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Figure 3.20 – Effect of Ion Beam Exposure – Image progression shows effect of gallium ion 
beam at 1.5 pA, 30 KeV over the entire Pt nanoparticle as a function of exposure time, as 
indicated by the time inset in each panel. After 2 seconds, obvious surface deformation begins to 
occur as the ion beam mills the Pt nanoparticle surface. The application of a blind alignment 
technique allows our analysis to avoid particle beam exposure before patterning. 
 
 Due to this instability, we employed the blind alignment method described in Chapter 2 
to avoid compromising nanoparticles. Thus, users have to take care not to allow the beam to 
influence the particles, which could ultimately alter values of porosity. When attempting to 
image nanoparticles <100 nm in diameter, a magnification increase becomes necessary to enable 
high resolution images of the internal pore network. However, increasing the magnification tends 
to exaggerate the effects of the drift in both the ion beam and the electron beam, making accurate 
patterning time consuming and unreliable. Despite aforementioned limitations, this method 
proved rather robust in this report as a reliable means of extracting information from single 
electrodeposited nanoparticles, information (i.e., nanopore tortuosity) that has been previously 
unobtainable. A main limitation in measuring tortuosity using this method is the physical slicing 
of the nanoparticles using focused ion beam lithography. Currently, the limitation is the 
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resolution of the beam, which was between 5 and 15 nm in this study. Using beams with smaller 
atoms, such as helium and neon, might mitigate this issue and increase the resolution, which 
increases the precision of the tortuosity measurement.  
 
3.4.2 Tuning Nanoparticle Porosity by Modulation of Droplet Viscosity 
 
 In the previous section, we were able to quantify porosity and nanopore tortuosity using 
Focused Ion Beam nanoSlice Tomography, an advanced characterization technique developed by 
our laboratory.85 Breugelmans and co-workers reported the electrodeposition of porous Pt 
nanoparticles using a double-pulse technique.60, 61 In that paper, the authors operated under very 
high mass transfer conditions with a rotating disc electrode. These results led us to hypothesize 
that Pt nanoparticles electrodeposited from water droplets are porous because of the increased 
mass transfer in femtoliter volumes. This arises due to the dependence of the mass transfer 
coefficient, mO, on the radius of the electrode, a, which has been estimated at <10 nm for sub-
femtoliter droplets.39 Mass transfer can be controlled by modulating the viscosity of the solution, 
where a higher viscosity decreases diffusional mass transfer. Exploiting this principle, Gonzolaz 
and Marshall have previously shown that the addition of glycerol to solutions of zinc sulfate 
causes more dense and uniform deposits to form under cathodic conditions,86 and they have also 
developed simulations to predict electrodeposition under viscous conditions.87, 88  
 In this section, we explore the origins of the Pt nanoparticle porosity generated by 
nanodroplet-mediated electrodeposition by adding glycerol to the water droplets to slow down 
mass transfer. When the viscosity was over 6 cP, porosity vanished, and intermediate values of 
viscosity allowed control over the porosity of nanoparticles. Figure 3.21 provides a graphical 
representation of the experiment.  
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Figure 3.21 – Droplet Collision for Porosity Analysis – Experimental process for the 
investigation of viscous water droplets. Femtoliter water droplets collide with a biased electrode, 
generating a current transient visible in amperometry and a single nanoparticle observable in 
scanning electron microscopy. Transients resulting from low-viscosity droplets produce 
characteristic blip responses and nanoparticles with up to 15% porosity as measured by Focused 
Ion Beam nanoSlice tomography. The introduction of a high-viscosity component (glycerol) into 
the droplets produces particles with reduced porosity.  
  
 Chloroplatinate-filled water droplets are suspended in 1,2-dichloroethane with 0.1 M 
[TBA][ClO4]. [TBA][ClO4] acts as a non-aqueous supporting electrolyte and is used to maintain 
charge balance during the electrodeposition process.62 Under low-viscosity conditions (pure 
water, 0.89 cP), the usual blip (or peak) in the amperometric i-t response is observed. The 
scanning electron microscopy image associated with this experiment after being sliced by the 
focused ion beam lithography indicates a porous tomography. In contrast, by increasing the 
viscosity to 6.85 cP, the i-t response for the collision of single droplets changes drastically. 
Because outer-sphere redox reactions such as the reduction of potassium ferricyanide maintain a 
blip shape in both high and low viscosity droplets, our results suggest that for electrodeposition 
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experiments the response is due to the nucleation and growth of a single nanoparticle (Chapter 
4). The scanning electron microscopy image associated with this experiment is given in the 
bottom right, which indicates a denser tomography. 
 
Figure 3.22 – Effect of Viscosity on Voltammetry – (a) Cyclic voltammograms of 35 mM 
ferricyanide reduction demonstrating limiting current dependence on viscosity and supporting 
electrolyte. (b) Linear sweep voltammograms of 35 mM chloroplatinic acid reduction. All 
experiments carried out on a 10 μm Pt ultramicroelectrode with a glassy carbon counter electrode 
and Ag/AgCl reference electrode. Scan rate was 50 mV/s.  
 
 To probe the effects of glycerol on mass transfer, we studied the reduction of ferricyanide 
on a 10 μm diameter Pt ultramicroelectrode. The results are given in Figure 3.22a. In the 
absence of glycerol, the voltammogram for ferricyanide reduction exhibits a lower steady-state 
current in the absence of supporting electrolyte. This can be explained by electrophoretic 
migration, which repels negatively charged ferricyanide from the electrode surface, ultimately 
decreasing the limiting current level. The limiting current for ferricyanide reduction in the 
presence of 250 mM sodium perchlorate is what one would predict with diffusion-control.89 
Interestingly, the effects of electrophoretic migration decrease as the viscosity increases. 
Migration effects are directly related to the current density; therefore, the decrease in overall 
current while the electrode size remains constant indicates that as solutions become more 
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viscous, migration plays less of a role in the overall mass transfer.86, 90-92 As viscosity increases, 
the percent difference between limiting current values for voltammograms also decreases, which 
can be observed in Figure 3.22a. Figure 3.22b gives similar data for the reduction of 
chloroplatinic acid to Pt, which is a four electron reduction process with E0’ = 0.25 V vs 
Ag/AgCl. Here, E0’ is the experimentally obtained formal potential. A similar overall trend is 
observed: As the solution becomes more viscous, voltammograms for chloroplatinic acid 
reduction deviate less in the presence or absence of supporting electrolyte. It is also interesting to 
note the rather sluggish kinetics inherent after increasing the viscosity. 
 While this is observed in the ferricyanide reduction results, the observation is accentuated 
in the chloroplatinate reduction results. This is most likely due to the inner-sphere nature and 
complicated  four electron reduction process of chloroplatinate compared to the simple, one 
electron reduction of ferricyanide to a freely-diffusing product (ferrocyanide).86, 91-95 These data 
indicate that under viscous conditions, mass transfer is reduced and migration does not play a 
large role. This is also the case for systems that pass very small amounts of charge,94-96 which is 
most relevant to electrochemistry in nanodroplets. As stated previously, migration effects are 
directly related to current density, which would be enhanced on nanoparticles growing in a 
droplet. Thus, we cannot completely rule out the effects of electrophoretic migration, which may 
play a role in the nanodroplet-mediated electrodeposition procedure (vide infra). 
 We previously introduced Focused Ion-Beam nanoSlice Tomography to characterize the 
porosity and nanopore tortuosity of single nanoparticles electrodeposited onto different 
substrates.85 In the current experiments, Pt nanoparticles were electrodeposited onto highly 
oriented pyrolytic graphite and studied. The gallium ion beam slices the nanoparticles orthogonal 
to the highly oriented pyrolytic graphite plane, and follow-up scanning electron microscopy 
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imaging is carried out at a 52o angle. Representative scanning electron microscopy results of 
these slices are given in Figure 3.23a. 
 
Figure 3.23 – Effect of Viscosity on Porosity – (a) Scanning electron microscopy images 
showing decreasing porosity within Pt nanoparticle cross-sections as internal droplet viscosity is 
increased. Images collected at 30 keV and 0.69 nA. Scale bar is 100 nm. (b) Porosity calculated 
by dividing pore area by cross-sectional area. One-way ANOVA analysis indicates statistically 
significant differences between all data with p < 0.0001. N = 18. (c) Pore density determined by 
the number of pores used in the porosity analysis divided by the cross-sectional area. The 
decreasing trend between points 2-6 shows statistical significance with p < 0.05. N = 18. (d) Pore 
radius as a function of increasing viscosity shows statistical significance with p < 0.01 between 
points 2, 4, and 6, highlighting the decreasing trend. N = 18. (e) Nanoparticle radius as 
determined by scanning electron microscopy imaging showing convergence to theoretical 
perfectly packed hemispherical nanoparticle radius as droplet viscosity is increased. Statistical 
significance with p < 0.0001 shown between points 1, 4 and 6 highlight the converging trend. N 
= 566.  
  
 Image processing using ImageJ was then used to quantify the porosity of these 
nanoparticles as a function of viscosity. In each case, three representative nanoparticles were 
sliced and analyzed. Figure 3.23b shows the porosity as a function of viscosity. For all statistics, 
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an Analysis of Variance was performed to elucidate whether or not the results were statistically 
significant and quantify the confidence. From Figure 3.23b, it is obvious that porosity of single 
nanoparticles can be tuned with high precision. We also investigated the pore density, which is 
shown in Figure 3.23c. The overall trend indicates that as viscosity increases, pore density 
decreases. This trend is also apparent for pore radius, shown in Figure 3.23d. For pore radius in 
particular, the image processing analysis relies on contrast differences. For the scanning electron 
microscopy technique, pore sizes less than 1 nm in radius  begin to approach the resolution limit. 
Despite these limitations, we are able to conclude that average pore size can also be tuned by 
varying the viscosity of the droplets. Figure 3.23e shows the nanoparticle radius as a function of 
viscosity. Even though there is significant overlap between neighboring measurements, the 
ANOVA analysis still predict statistical significance, which is largely due to the sample size 
measured (hundreds of nanoparticles). The blue dotted line is the calculated size of a theoretical 
hemispherical nanoparticle, which assumes a closest-packed, face-centered-cubic Pt crystal 
structure. The volume of the unit cell is used in conjunction with the number of platinum atoms 
that have been deposited, which is directly related to the concentration of chloroplatinate in the 
water droplet. The robustness of this estimation has been demonstrated previously to show that 
pore volume in porous nanoparticles accounts for the increase in  observed particle radius over 
the theoretical radius.85 In these experiments, the convergence of the observed nanoparticle 
radius to the calculated nanoparticle radius at higher droplet viscosities suggests that the particles 
are becoming more dense. From these data, we conclude the porosity of single Pt nanoparticles 
can be controlled. Furthermore, these data indicate that the reason for porous nanoparticle 
growth has to do with the fast mass transfer within the droplets 
.  
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3.5 Conclusion, Outlook, and Open Questions 
 
 In this chapter, nanodroplet-mediated electrodeposition for the generation of 
monometallic (mainly Pt) atomic clusters and nanoparticles was demonstrated, where control 
over size, surface coverage, morphology, and porosity could be reasonably controlled. This 
versatile technique permits the deposition events to be monitored one-at-a-time in the 
amperometric i-t trace by either electrocatalytic amplification for small atomic clusters, or by 
direct electrolysis of mM concentrations of metal precursor. The latter is advantageous due to the 
ability to observe and characterize the resulting nanoparticles using scanning electron 
microscopy. Unique observations regarding Pt nanoparticle roughness suggested that 
nanoparticles electrodeposited from water nanodroplets may be porous, a hypothesis that was 
validated using Focused Ion Beam nanoSlice Tomography. Finally, this porosity was shown to 
be dependent on mass transfer within the droplet via the addition of a viscous component, 
glycerol, which permitted tuning the of the internal porosity between 0-15%.  
 Several open questions and lines of inquiry immediately follow from the results presented 
herein: 
1. Within the surface adsorbed nanodroplet, where does the nanoparticle form? Our 
treatment consistently assumes a very small droplet contact radius where the nanoparticle 
forms, but this contact radius is composed of two unique phase characteristics, a 
water/electrode two-phase boundary over the droplet contact area and a 
water/oil/electrode three-phase boundary at the perimeter. It has been previously shown 
by Compton and Marken that electrochemistry may proceed at either site depending on 
the electrolyte content of the droplet.97 Understanding and controlling the phase 
boundaries at which these nanoparticles grow may contribute to controlling their 
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functional properties. Correlated microscopy studies should be able to help elucidate the 
spatial coordinates of growing nanoparticles within adsorbed microdroplets, which may 
in principle be extended to nanodroplet systems composed of droplets smaller than the 
diffraction limit of light. 
2. Figure 3.11 shows a particularly interesting Pt nanoparticle morphology caused by the 
addition of sodium dodecyl sulfate to the aqueous system, which appears to initiate from 
a “tip”. Notably, the bottom of this nanoparticle is not round. Could the presence of 
sodium dodecyl sulfate cause the droplet to deform just before impact with the electrode 
surface, and this “tip” observed stem from the initial µs of droplet wetting kinetics? Does 
it make physical sense that a droplet with these dimensions could deform upon collision 
(i.e., is there elasticity) and/or stretch toward the surface in such a way as to generate the 
“tip” structures seen in Figure 3.11? A rigorous understanding of droplet behavior at the 
nanoscale is required to answer these questions, as the wetting behavior will depend on a 
myriad of experimental/physical factors such as the surface tension, droplet charge, 
surface charge, momentum, etc. In short, the relative magnitude of the wetting kinetics vs 
the electrodeposition kinetics is an open question. 
3. More generally, the unique morphologies obtained by the addition of surfactant indicate 
it plays a significant role in the droplet/electrode interaction and/or electrodeposition 
process. These effects are likely driven by multiple mechanisms. Perhaps the surfactant 
changes the droplet charge, which affects the collision dynamics (may be revealed by 
zeta potential measurements)? Perhaps surfactant molecular interactions with the 
electrode surface drive an entirely different contact interaction, affecting the 
aforementioned wetting kinetics (may be explored by contact angle measurements)? Do 
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these surfactants chemisorb to the deposited structure irreversibly (could be shown by X-
ray photoelectron spectroscopy)? The grand question all these questions stem from is as 
follows: What is the effect of surfactant on droplet-mediated electrodeposition? The 
framework laid out in this section provides a platform from which these investigations 
may be launched. 
4. Are the pores observed within Pt nanoparticles externally accessible? If so, these would 
provide greatly enhanced surface area for catalytic reactions. The answer to this question 
may require clever experiments, one could theoretically deposit a single nanoparticle on a 
carbon microelectrode and attempt to correlate the surface area derived from hydride 
adsorption with the surface area extracted from scanning electron microscopy imaging or 
the theoretical face-centered cubic analysis. If Pt nanoparticles could be generated in bulk 
and removed from the surface, Brunauer–Emmett–Teller analysis might be used to probe 
the surface area. However, the heterogeneity in particle size and the issues associated 
with scaling up the electrodeposition process to generate the necessary mg quantities of 
Pt nanopowder (vide infra) constitute significant barriers.  
5. Can droplet mediated electrodeposition be scaled up to generate nanoparticle films or 
nanopowders as opposed to isolated heterogeneous nanoparticles? The relatively short 
timeframes used in these studies generate a sparsely covered substrate in practice and 
according to the Cottrell equation. A rotating disk electrode was used at one point to 
increase mass transfer of droplets to the surface, which resulted in “pancake” Pt 
nanoparticles (another unique morphology to explore). One might expect the size of the 
droplets to become the limiting factor determining surface coverage unless repeated 
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deposition/cleaning cycles are used. More stable emulsions are also necessary to extend 
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CHAPTER 4 - QUANTIFYING GROWTH KINETICS  
 
4.1 Nanoparticle Growth Kinetics via Stochastic Collisions  
 
4.1.1 The Effect of Glycerol on the Shape of Amperometric Transients 
  
 Historically, experiments examining the nucleation and growth of single nanoparticles 
have been very difficult to achieve.1-6 In these previously published experiments, very small 
(radius < 100 nm) electrodes are fabricated such that the probability of nucleating and growing 
on more than one surface site on the electrode is minimized. Previously, Kucernak and co-
workers developed carbon nanoelectrodes to study the electrodeposition of platinum.7 Mirkin 
and co-workers also studied the electrodeposition of metals on nanoelectrodes.8, 9 Thus, a thrust 
in the field, beginning with Fleischmann’s studies of nucleation and growth at microelectrodes,2-4 
has been minimizing electrode size such that the nucleation and growth of single nanoparticles 
can be studied under various conditions. In this section, we demonstrate that electrochemistry in 
water droplets also fulfills this requirement without having to fabricate nanoelectrodes due to the 
small contact radius, effectively a nanoelectrode, which forms when a droplet collides with an 
electrode surface.10, 11 Furthermore, the observation of several nanoparticles can be observed 
over the duration of a single experiment, which is not possible using nanoelectrodes. The results 
presented here provide a powerful method to study nucleation and growth of single Pt 
nanoparticles without the use of nanoelectrodes. 
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 As discussed in the previous section, the addition of glycerol to water nanodroplets was 
observed to decrease the resulting nanoparticle porosity as observed by Focused Ion-Beam 
nanoSlice Tomography. To study the effect of glycerol in the water droplets electrochemically, 
collisions of chloroplatinate-filled water droplets onto ultramicroelectrodes were performed. We 
demonstrate the addition of glycerol also allows for the time-resolved observation of the 
nucleation and growth process of the nanoparticle within the water droplet, which can be semi-
quantitatively modeled based on classical nucleation and growth theory. Figure 4.1 provides a 
graphical representation of the experiment. Chloroplatinate-filled water droplets are suspended in 
dichloroethane with 0.1 M [TBA][ClO4]. [TBA][ClO4] acts as a non-aqueous supporting 
electrolyte and is used to maintain charge balance during the electrodeposition process.12  
 
 
Figure 4.1 – Collision Experiment and Amperometry Schematic – Experimental process for 
the investigation of nucleation and growth from viscous water droplets. Attoliter water droplets 
collide with a biased electrode, generating a current transient visible in amperometry and a single 
nanoparticle observable in scanning electron microscopy. Transients resulting from low-viscosity 
droplets produce characteristic blip responses and nanoparticles with up to 15% porosity as 
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measured by Focused Ion Beam nanoSlice tomography. The introduction of a high-viscosity 
component (glycerol) into the droplets produces transients with characteristics of nanoparticle 
nucleation and growth.  
 
 Under low-viscosity conditions (pure water, 0.89 cP), the typical blip-shape response in 
the amperometric i-t trace is observed. This blip has been previously observed by many groups 
for organic and aqueous droplets, and the decay coincides with the electrolysis of the contents 
within the droplet. In contrast, by increasing the viscosity to 6.85 cP using glycerol as a viscous 
agent, the i-t response for the collision of single droplets changes drastically.  
 
Figure 4.2 – Ferricyanide vs Chloroplatinate Amperometry – (a) Representative 
amperometry results showing collisions of femtoliter water droplets loaded with 35 mM 
ferricyanide on a 10 μm Pt ultramicroelectrode at 0 V vs Ag/AgCl. (b) Representative 
amperometry results of femtoliter droplets loaded with 35 mM ferricyanide and 50% v/v glycerol 
to give an internal droplet viscosity of 6.85 cP. The peak-width at half the height of the current 
spike (t1/2) was used to evaluate the effect of droplet viscosity on the event length. The counter 
electrode was a glassy carbon rod and a double junction Ag/AgCl was used as a reference.  
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 To further characterize the effects of glycerol on electrodeposition, we chose to study the 
collision of single water droplets on ultramicroelectrodes. Bard and co-workers spearheaded the 
study of droplets on ultramicroelectrodes by studying the oxidation of ferrocene in toluene 
droplets suspended in water, and this method was extended to other analyte species and 
systems.10, 11, 13-16 Because the irreversible reduction of chloroplatinate to platinum is a 
complicated process, we chose to first study the effect of glycerol addition to the droplets on 
ferricyanide, a well-characterized, reversible, outer-sphere oxidant with a negative charge-state 
similar to chloroplatinate. Figure 4.2a shows representative collisions of water droplets filled 
with 35 mM ferricyanide in the absence of glycerol, and Figure 4.2b shows the results in the 
presence of glycerol. It is clear from these results that the shape of the transient is conserved 
under conditions of low and high viscosity.   
 This observation is in striking contrast to collision results in the presence and absence of 
glycerol for chloroplatinic acid, which is presented in Figure 4.3. Figure 4.3a shows a 
representative i-t blip for chloroplatinic acid without glycerol, and Figure 4.3b shows a 
representative i-t response for the reduction of chloroplatinic acid within a water droplet in the 
presence of glycerol. It is important to note that the charge is conserved in each of these 
scenarios, indicating the same amount of chloroplatinic acid is reacted in each response. Figure 
4.3c shows the amperometric event length as a function of viscosity. As viscosity increases, the 
time for nucleation and growth and subsequent exhaustion of chloroplatinic acid within the 
droplet should increase, and this plot shows that this is indeed the case.  
 Finally, integration under the i-t response can give the charge (Q) passed when a droplet 
collides with the ultramicroelectrode surface. One can then use Faraday’s Law to calculate the 
diameter of the droplet (ddrop): 






    Equation 4.1 
 where n is the number of electrons transferred, F is Faraday’s Constant, and C is the 
concentration of chloroplatinic acid in the droplet. 
 
Figure 1.3 – Effect of Viscosity on Chloroplatinate Collisions – (a) Representative event 
shows typical blip shape for the reduction of 50 mM chloroplatinate as a single femtoliter droplet 
with no added glycerol collides with a 10 μm Pt ultramicroelectrode at 0 V vs Ag/AgCl. (b) 
Representative event presents a parabolic shape for chloroplatinate reduction under the same 
conditions but with 50% v/v glycerol giving droplets an internal viscosity of 6.85 cP. (c) 
Amperometric event length for chloroplatinate reduction at various viscosities shows increasing 
trend with statistical significance (p < 0.0001) indicated by a one-way ANOVA. N = 60. (d) 
Comparable droplet size analyses by dynamic light scattering (dynamic light scattering, blue 
trace), nanoparticle tracking analysis (nanoparticle tracking analysis, orange trace), and 
amperometric analysis using Faraday’s law (histogram, N = 340) showing various modes of 
droplet diameters. 
 
 The bars in Figure 4d indicate a histogram of the sizes calculated by 340 collision events 
of water droplets filled with chloroplatinic acid. The normalized frequency is proportional to the 
droplet concentration. The electrochemical results overlay well with nanoparticle tracking 
analysis. Importantly, one can observe from this plot that dynamic light scattering only gives a 
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large average, whereas the electrochemical calculation and nanoparticle tracking analysis both 
give modalities that cannot be readily resolved in dynamic light scattering. The agreement 
between nanoparticle tracking analysis and the calculated results from Faraday’s Law is 
significant in that it suggests complete electrolysis of the chloroplatinate contained within the 
droplets. Given the significant difference between the collision response for ferricyanide-filled 
droplets and that of chloroplatinate-filled droplets, we hypothesize that the observation can be 
attributed to the nucleation and growth of  Pt nanoparticles in the water droplets.  
 The addition of glycerol slows down mass transfer such that the nucleation and growth of 
a single nanoparticle can be observed in the real-time amperometric trace and can be explained at 
least semi-quantitatively with classical nucleation and growth theory for single nanoparticles. A 
hallmark of nucleation and growth is that the process is highly dependent on the potential. Here, 
we define a parameter ΔE, which is the difference between the applied potential and the formal 
potential, E0’ of hexachloroplatinic acid reduction. Figure 4.4a shows representative current 
transients that were observed over a range of potentials. In Figure 4.4a, the parabolic growth can 
be observed at the foot of the event, where electrokinetic growth would dominate the nucleation 
and growth response in a parabolic fashion. Instantaneous growth would be expected at higher 
ΔE, where the i-t transient would resemble the expected t1/2 growth response for the growth of a 
single center. The final, blip-type response was rarely observed at large ΔE, and we hypothesize 
that proton reduction from the platinum particle could be playing a role in this type of transient. 
It is important to note that we focus on the beginning of the rising edge in order to determine a 
parabolic or instantaneous classification in order to avoid convolution with the bulk electrolysis 
of the droplet contents.  Figure 4.4b shows the quantification of these results. One can see an 
obvious trend: At lower ΔE, the parabolic-type of growth is observed most often. At higher ΔE, 
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the instantaneous nucleation and growth response is observed. Figure 4.4c shows a 
representative amperometric i-t response for lower ΔE, and Figure 4.4d shows a representative 
amperometric i-t response for high ΔE. These results suggest that our observations are indeed the 
nucleation and growth of single Pt nanoparticles.  The peak of each response represents the 
interplay between the growth of the particle and the exhaustion of chloroplatinate in the water 
droplet (vide infra). The background current in these experiments is oxygen reduction occurring 
on the underlying Pt ultramicroelectrode. We sometimes observed step-like responses, which we 
attribute to droplets coming off of the ultramicroelectrode, providing a rapid increase in current 
if oxygen reduction is being driven at the ultramicroelectrode surface. At higher overpotential, 
where proton reduction can occur on the platinum deposits, we observed elongated nucleation 
and growth events.  
 
 
Figure 4.4 – Effect of Potential on the Rising Edge – (a) Common current responses observed 
for chloroplatinate reduction under varying conditions of viscosity and applied potential. (b) 
Statistical analysis of specific event occurrence as a function of applied potential for a 6.85 cP 
droplet system shows high occurrence of parabolic events at low overpotentials shifting to a high 
occurrence of instantaneous events at high overpotentials.  N = 164. (c) Representative current 
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trace for 50 mM chloroplatinate reduction from 6.85 cP droplets at 0.2 V vs Ag/AgCl 
demonstrating commonality of parabolic growth. (d) Representative current trace for the same 
droplet system at 0 V vs Ag/AgCl highlighting shift to instantaneous transients. All experiments 
performed on 10 μm Pt ultramicroelectrode with a glassy carbon counter and double-junction 
Ag/AgCl reference electrode. 
 
 
Figure 4.5 – High-Frequency Analysis – High-frequency current traces showing conservation 
of chloroplatinate reduction transient shape. To validate the transient shapes obtained at 50 Hz 
are representative of the droplet collision event, an AxoPatch setup was employed to measure the 
response at (a) 10 kHz and (b) 100 kHz. Experiments were carried out with 250 mM 
chloroplatinate loaded into the droplets to allow signal above the noise on a 10 μm Pt 
ultramicroelectrode at 0 V vs Ag/AgCl configured in a 2-electrode system. For droplet collisions 
at low viscosity (red trace) the blip response is shown to occur virtually instantaneously as a 
single 100 μs for 10 kHz and 10 μs for 100 kHz data point represents the entire rising edge of the 
current spike. When the droplet viscosity is increased to 6.85 cP (blue trace), the instantaneous 
rising edge is conserved showing the nucleation and growth of a single Pt nanoparticle. The 
faster sampling rates allow the resolution of smaller droplets as they collide with the electrode, as 
shown by the transient with a shorter timeframe at 100 kHz. 
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 To highlight the importance of slowing down mass transfer via glycerol to observe 
nucleation and growth of single nanoparticles, we were interested in whether or not it would be 
possible to resolve the nucleation and growth simply by performing amperometry at much higher 
sampling frequencies. In our attempts, we devised an experiment to measure at 100 kHz (1 point 
every 10 μs) using an AxoPatch two-electrode potentiostat. We were not able to resolve the 
nucleation and growth event; however, we did observe nucleation and growth events in the 
presence of glycerol using the high frequency measurement technique. These results are given in 
Figure 4.5. The faster sampling permits the resolution of smaller droplets, which diffuse more 
quickly than larger droplets. 
 
4.1.2 Classical Modeling of the Rising-Edge using the Kucernak Equation 
  
 To further test our hypothesis that collision transients in the presence of glycerol were 
indicative of nucleation and growth of single nanoparticles, we used classical nucleation and 
growth theory to fit collision transients as a function of potential. Previously, Kucernak and co-
workers provided a model to predict the i-t response for the nucleation and growth of a single 
nanoparticle under electrokinetic and diffusion-limited growth, given by:7  
 







 Eq. 3.1 
 
 Where H is a shaping factor (2π for a growing hemisphere), n is the number of electrons, 
C* is the bulk concentration, D is the diffusion coefficient, ΔE is the difference between the 
applied potential and the formal potential, E0’ (we have chosen to use ΔE in place of ƞ, 
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overpotential, given the complexity in quantifying the equilibrium potential, Eeq, vide infra), vm 
is molar volume,  j0 is the exchange current density, α is the transfer coefficient, f = F/RT (F is 
Faraday’s constant, R is the universal gas constant, and T is temperature). This equation predicts 
the limiting responses for the nucleation and growth of single nanoparticles: For small ΔE, a 
gradual (parabolic) growth occurs, and for large values of ΔE, an instantaneous growth occurs 
that follows t1/2. 
 
Figure 4.6 – Modeling the Rising Edge – (a) Three representative parabolic curve fittings for 
nucleation and growth under both electrokinetic control and diffusion control. Transients 
collected for the reduction of 50 mM chloroplatinate from femtoliter droplets at 0.2 V vs 
Ag/AgCl. Panel 1: D = 3.0E-12 m2/s, ΔE = 0.108 V. Panel 2: D = 3.0E-12 m2/s, ΔE = 0.120 V. 
Panel 3: D = 3.0E-12 m2/s, ΔE = 0.109 V. (b) Representative instantaneous curve fittings for 
chloroplatinate reduction from femtoliter droplets at 0 V vs Ag/AgCl. Panel 1: D = 2.2E-12 m2/s, 
ΔE = 0.300 V. Panel 2: D = 2.6E-12 m2/s, ΔE = 0.300 V, Panel 3: D = 1.8E-12 m2/s, ΔE = 0.300 
V. Parameters held constant through fitting process: α = 0.5, j0 = 0.08 A/m
2, n = 4, C* = 50 
mol/m3, VM = 9.1E-6 m
3/mol. All experiments were performed on 10 μm Pt ultramicroelectrode 
with a glassy carbon counter and double-junction Ag/AgCl reference electrode.  
 
 The panels in Figure 4.6 show representative collision transients as a function of 
potential for chloroplatinate reduction in the water droplets. From these data, it can be seen that a 
large fraction of the responses follows the gradual, parabolic response at lower ΔE and an 
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instantaneous nucleation and growth response at larger ΔE. Figure 4.6 gives the equation fits for 
representative collision responses under electrokinetic control (Figure 4.6a) and instantaneous 
growth (Figure 4.6b). The parameters for the fits, which were generated manually, are given in 
the figure caption, and α = 0.5 and j0 = 8 x 10
-6 A/cm2 in all cases.7 We chose to tune only two 
variables: The diffusion coefficient, which stayed mostly constant throughout the fitting process, 
and the value of ΔE. Though these values are typically considered constants, the data acquired 
over multiple experiments likely contains slight variability. For example, we have previously 
shown using finite element simulations that the curvature of the droplet reduces mass transfer to 
the contact radius,17 which may manifest experimentally as a decreased diffusion coefficient. 
Because the droplets are not perfectly monodisperse, size and curvature differences between 
droplets may introduce variation between individual transient events.  
 In this section, it is not our intent to be quantitative regarding parameters involved in the 
nucleation and growth of single nanoparticles. However, it is our hope to show that the results 
presented here provide a platform on which the study of nucleation and growth of single 
nanoparticles can be built. There are several ambiguities that require further experimentation. For 
instance, the overpotential for nucleation and growth is difficult to define. As shown by Plieth 
theoretically18 and Henglein experimentally,19-25 the potential of a nanoparticle changes with the 
nanoparticle size, implying the overpotential for nucleation and growth changes as a function of 
nanoparticle size.26, 27 In our experiments, we use a home-made salt bridge to an aqueous 
Ag/AgCl reference electrode. For these studies, we have found the liquid junction potential to be 
<5 mV. Furthermore, the ion transfer potential into the droplet to maintain charge balance must 
be known. In our experiments, we add [TBA][ClO4] to the 1,2-dichloroethane  continuous phase 
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and hypothesize that the transfer of TBA+ into the droplet maintains charge balance during the 
reduction of chloroplatinate to Pt0.  
 There are also discrepancies in the diffusion coefficient of chloroplatinate in the 
literature, indicating variability of up to an order of magnitude compared to the value used in this 
report.7, 28-30 In our experiments, no supporting electrolyte was used; therefore, we cannot 
completely rule out electrophoretic migration, though COMSOL simulations show its impact to 
be negligible (vide infra). Electrophoretic migration is directly related to the current density, 
which is likely high considering the contact radius of the droplet and, during growth, the radius 
of the growing nanoparticle. Very small amounts of charge are passed during the collision 
transients, and even smaller current densities are apparent in droplets with higher viscosity. 
Furthermore, during the deposition of platinum, TBA+ transfers into the droplet, and chloride is a 
product of chloroplatinate reduction. This means that over time, electrolyte builds up in the 
droplet. We have attempted to perform control experiments with large salt concentrations in the 
droplets; however, droplet stability limited the observation of collisions on ultramicroelectrodes. 
The model used above to fit collision transients does not take into account electrophoretic 
migration, which may manifest itself in the small diffusion coefficient necessary to fit 
experimental results. The effects of migration on the collision transients are explored using finite 
element simulations in the following section. Despite these uncertainties, the values of ΔE and D 
used to make the fits are given in the caption in Figure 4.6.  
 
4.2 Coupling Nanoparticle Growth and Droplet Electrolysis  
 
 Building on the foundation of the previous section, we now show that a more robust 
model may be developed to probe the growth kinetics of single nanoparticles by coupling the 
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nanoparticle growth and droplet electrolysis responses. Phase transitions that transpire in very 
small volumes, such as the nucleation and growth of liquid droplets within single cells31, the 
homogeneous nucleation and growth of a nanoparticle within a nanodroplet32, or the 
heterogeneous nucleation and growth of a lithium dendrite within a nanopore33 present an 
interesting challenge: due to the small volume of the reactor environment, the rate of precursor 
consumption is appreciable to the rate of phase growth, complicating a kinetic analysis. A 
prototypical example of such a process with meaningful real-world applications is that of the 
nucleation and growth of metal. Most fundamental to this understanding is the investigation of 
the earliest stages of  metal nucleation and growth,34-36 as the electrodeposition of a new metallic 
phase must commence with the formation of a small nucleus of metal atoms before growing into 
a coherent nanoparticle. Electrochemical techniques are uniquely poised to probe the in situ 
nanoscale environments corresponding to the growth centers of single nanoparticles, one-at-a-
time, with unmatched sensitivity.37, 38  
 While various analytical techniques have been used to investigate the growth of 
populations of nanoparticles on a conductive surface39-42, electrochemical studies exploring the 
kinetics of single nanoparticle nucleation and growth events generally employ nanoelectrodes.7-9, 
43-46  Owing to their small size, nanoelectrodes decrease the probability of nucleating more than 
one nanoparticle, ensuring growth analysis on a single nanoparticle.2-4 While these experiments 
are elegant, nanoelectrodes are fragile, and the growth of a single nanoparticle onto a 
nanoelectrode limits the reuse of the nanoelectrode if the depositing metal cannot be selectively 
dissolved either chemically or electrochemically. In contrast to nucleation and growth in 
confined volumes, the bulk concentration of metal precursor salt constantly supplies the 
nanoelectrode with fresh analyte, allowing the nanoparticle to freely grow. Perhaps the most 
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significant challenge in measuring electrodeposition kinetics within confined volumes is that the 
rate of metal salt precursor consumption (i.e., electrolysis) becomes appreciable and must be 
decoupled from the rate of nanoparticle growth. Thus, theoretical methods accounting for both 
growth and electrolysis must be developed to advance the understanding of nucleation and 
growth processes in confined volumes.  
 In the previous section, we reported that the addition of glycerol to the aqueous 
nanodroplets allows the real-time observation of the nucleation and growth of a single 
nanoparticle within the nanodroplet by slowing down mass transfer.47 In these experiments, 
however, there is only a finite amount of metal salt available for reduction, and the rate of 
consumption (i.e., electrolysis) eventually competes with the rate of nanoparticle growth as the 
rate limiting step in the deposition mechanism.   
 In this section, we describe a quantitative model that accounts for the nucleation and 
growth of nanoparticles in sub-femtoliter volumes, which we apply to the growth of single 
nanoparticles inside water nanodroplets. This section also answers some of the outstanding 
questions from the previous section regarding the effect of electrophoretic migration.  A 
schematic representation of the experiment is given in Figure 4.7. Chloroplatinate-loaded 
viscous nanodroplets generated by ultrasonication (ravg = 480 nm according to dynamic light 
scattering and nanoparticle tracking analysis47) freely diffuse throughout a 0.1 M 
tetrabutylammonium perchlorate and 1,2-dichloroethane continuous phase. Upon nanodroplet 
collision with a Pt ultramicroelectrode biased more negative than the formal potential of 
chloroplatinate, the precursor is reduced to platinum metal in a four-electron process. Due to the 
nanodroplet viscosity resulting from the addition of 50% v/v glycerol (6.9 cP),48 mass transfer 
within the droplet is reduced, permitting direct electrochemical observation of nanoparticle 
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growth into a hemispherical49 Pt nanoparticle. A nanoparticle begins to grow within the 
nanodroplet as the finite precursor content is consumed. Generally, this consumption may be 
modeled using bulk electrolysis theory, though this approximation assumes a static contact area 
that does not change with time. If one assumes the growth of the nanoparticle occurs largely on 
the deposited metal (vide infra), the continuous growth of the nanoparticle necessitates a 
dynamic bulk electrolysis model that accounts for the expanding contact area (i.e., the surface of 
the expanding nanoparticle). While our previous report only used classical nucleation and growth 
to fit the very initial response of the current transients for each collision event, the present model 
allows the complete fitting of the collision responses and quantitatively predicts the observed 
potential-dependent shape, the transient magnitude, and the duration of the response. This 
method permits the evaluation of single nanoparticle nucleation and growth events without the 
use of nanoelectrodes and the quantification of effective rate constants of more than one 
nanoparticle during a single collision experiment. It is also important to note that the model 
presented here is translatable to any system where one would be interested in studying kinetic 
and mass transfer rates under conditions of high spatial confinement. 
 
Figure 4.7 – Schematic for Coupled Nanoparticle Growth and Droplet Electrolysis – (a) 
Schematic representation of a single chloroplatinate-loaded aqueous nanodroplet diffusing 
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through the 1,2-dichloroethane  continuous phase and stochastically colliding with a Pt 
ultramicroelectrode biased sufficiently negative to drive the electroreduction of the precursor to a 
platinum nanoparticle. The addition of 50% v/v glycerol to the nanodroplets facilitates the 
observation of the nucleation and growth response, while confining the reaction to nanodroplets 
permits the quantification of multiple events in the timeframe of the experiment. 
 
4.2.1 Theory and General Assumptions of the Model 
 
 Previously, we reported a model based on classical nucleation and growth theory 
described by Kucernak and co-workers to fit the current response resulting from nanodroplet-
mediated electrodeposition as a function of time.47 This model was limited in that it predicted the 
initial moments of the growth under either electrokinetic or mass-transfer limited conditions, but 
did not consider the rapid consumption of redox species within the aqueous nanodroplet. This 
















𝑡 Eq. 4.2b 
 
where iB.E. is the bulk electrolysis current, i0 is the initial current, m is the mass transfer 
coefficient, 𝑛 is the number of electrons involved in the electrochemical reaction, 𝐹 is the 
Faraday, A is the surface area of the electrode, 𝐶𝑖 is the initial concentration of electroactive 
species, V is the volume of the electrochemical cell, and t is time. One can choose a potential 
such that the bulk electrolysis is not at the mass-transfer limit. In this case, the mass transfer 
coefficient can be replaced by an apparent rate constant, k, which has the same units as the mass 
transfer coefficient (cm s-1). 𝑡𝑒𝑑 and 𝑡𝑒𝑘 represent the classical electrolysis times associated with 
the mass transfer-limited and kinetically-limited cases. These equations predict the intuitive 
result: bulk electrolysis timeframes are extended when the area of the electrode is small 
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compared to the volume of the electrochemical cell. While the contact radius at which 
electrolysis occurs has been estimated at ~10 nm in other nanodroplet systems, the volume of the 
droplets on the order of femtoliters (10-15 L) implies rapid electrolysis.10, 11 Thus, developing a 
comprehensive model for the current response necessitates coupling nucleation and growth with 
the bulk electrolysis process.  
 In deriving this model, we have made two assumptions: 1.) Mixing within the droplet is 
fast, implying the precursor concentration decreases uniformly throughout the droplet during the 
deposition process. This assumption is justified by considering the time required to cross the 




, which is on the order of ms in the presence and absence of 
glycerol, much shorter than the current transients observed in the present experiments. 2.) The 
particles being deposited are hemispherical, which has been previously demonstrated.47, 49, 51, 52  
 With these assumptions in mind, we will first treat the case of electrokinetically limited 
growth, where the rate is expressed in terms of an apparent rate constant, k (cm s-1). This rate 
constant would be potential-dependent, but we have not assumed a particular kinetic model (e.g., 
Butler-Volmer) in the following analysis, nor do we consider possible complications due to 
double-layer structure.50 In this case, the current during the deposition of a hemispherical 







2 Eq. 4.3 
where N is the number of moles of metal in the nanoparticle, C is the precursor concentration 
within the droplet (assumed to be spatially uniform), and r0 is the radius of the nanoparticle. 𝑁 
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𝐶 = 𝐶𝑖 (1 −
𝑁
𝐶𝑖𝑉𝑑




) 𝐸𝑞. 4.4𝑏 
where 𝑉𝑚 is the molar volume of the deposited species (i.e., Pt), 𝐶𝑖 is the initial precursor 
concentration in the droplet, and 𝑉𝑑 is the droplet volume. These expressions can be greatly 


























Here, the subscript f refers to the final, time-independent value after the completion of the 
deposition. Eqs. 4.5a – 4f allow Eq. 2 to take a dimensionless form: 
𝑑𝜂
𝑑𝜏𝑒𝑘
= (1 − 𝜌0
3)𝜌0
2 𝐸𝑞. 4.6 
Recognizing 𝜂 = 𝜌0









This differential equation may be separated and integrated directly to obtain a closed-form 
solution for the electrokinetic growth of a nanodroplet-confined nanoparticle as: 














ln(1 + 𝜌0 + 𝜌0







= 𝜏𝑒𝑘 𝐸𝑞. 4.9 
This expression couples the nucleation and growth of the nanoparticle as well as the bulk 
electrolysis of the nanodroplet contents, permitting a direct evaluation of the entire amperometric 
transient shape, duration, and magnitude with 𝑘 as the only adjustable parameter. The resulting 
dimensionless current (Eq. 5) is plotted in Figure 4.8a as the dashed red curve, demonstrating 
the parabolic rising edge with t2 expected from electrokinetically limited growth and the 
exponential falling edge expected from the droplet electrolysis process. The reliability of this 
expression may be evaluated at both long and short timeframes to recover the classical 
nucleation and growth and bulk electrolysis expressions, respectively. At short times, the 
nanoparticle is small, and thus the dimensionless radius may be approximated as 𝜌0 ≈ 0. Under 





(𝜌0 ≈ 0) 𝐸𝑞. 4.10 







(𝜌0 ≈ 0) 𝐸𝑞. 4.11 









3𝑘3𝑡2 (𝑟0 ≈ 0) 𝐸𝑞. 4.12 
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Figure 4.8 – Growth Model Limiting Cases – (a) Theoretical electrokinetically controlled 
closed-form solution from Equation 4.9 (red dashed curve) predicting the shape, duration, and 
magnitude of the transient resulting from coupled nucleation and growth and bulk electrolysis of 
the nanodroplet. The limiting cases at long (yellow curve) and short (green curve) times are 
plotted to show the conformity of the model to classic nucleation and growth and bulk 
electrolysis theory. (b) Theoretical mass-transfer controlled closed-from solution from Equation 
4.21 (red dashed curve). The limiting cases at long (yellow curve) and short times (green curve) 
show the conformity of the model to classic nucleation and growth and bulk electrolysis theory.  
 
 It is important to note that the current response scales with t2, which is the expected 
classical behavior for electrokinetically limited nucleation and growth. In these experiments, the 
voltage perturbation is a potential step. This limiting behavior is plotted in Figure 4.8a as the 
green curve. At long times, 𝜌0 ≈ 1, allowing Eq. 4.9 to be approximated as: 
3 ln 3 + √3𝜋
6
− ln(1 − 𝜌0) ≈ 𝜏𝑒𝑘 (𝜌0 ≈ 1) 𝐸𝑞. 4.13 
which can be rearranged to yield a solution for 𝜌: 
𝜌0 = 1 −
1
3
𝑒−(𝜏𝑒𝑘−𝜏𝑖𝑘) 𝐸𝑞. 4.14 
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𝜏𝑖𝑘 =
9 ln 3 + √3𝜋
6
𝐸𝑞. 4.15 
Here,  𝜏𝑖𝑘 represents an “induction time” for electrokinetic growth within a droplet. Employing 
this expression for 𝜌0 in the equation for the dimensionless current 𝑑𝜂/𝑑𝜏𝑒𝑘 yields the following 
expression at long times: 
𝑑𝜂
𝑑𝜏𝑒𝑘
≈ 𝑒−(𝜏𝑒𝑘−𝜏𝑖𝑘) (𝜌0 ≈ 1) 𝐸𝑞. 4.16 








𝑡𝑒 (𝑟 ≈ 𝑟𝑓) 𝐸𝑞. 4.17 
𝑡𝑖𝑘 = 𝑡𝑒𝑘 (
9 ln 3 + √3𝜋
6
) 𝐸𝑞. 4.18 
This is almost identical to the classical electrolysis expression for a nanoparticle with a final 
radius 𝑟𝑓, differing only by the “induction time” associated with nanoparticle growth, 𝑡𝑖𝑘. The 
limiting behavior of this expression is plotted in Figure 4.8a as the yellow curve, demonstrating 
the ability of this model to couple nucleation and growth and bulk electrolysis.  
 Furthermore, this model may be modified to predict the coupled nucleation and growth 
and bulk electrolysis current for diffusion limited processes53, where the current at any particular 
time is related to particle size via the mass transfer coefficient. The current at a hemispherical 






= 2𝜋𝐷𝐶𝑟0 𝐸𝑞. 4.19 
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where 𝐷 is the diffusion coefficient of the nanoparticle precursor species. This can be expressed 
in a dimensionless form using Eqs. 4.5a-f, where 𝑘 has been replaced by the mass transfer 
coefficient 𝑚 = 𝐷/𝑟𝑓, yielding: 
𝑑𝜂
𝑑𝜏𝑒𝑑
= (1 − 𝜌0
3)𝜌0 𝐸𝑞. 4.20 
A similar derivation to that for the kinetic case (outlined comprehensively in Appendix 1) results 
in the following expression relating 𝜌0 and 𝜏𝑒𝑑: 
1
2
ln(1 + 𝜌0 + 𝜌0







= 𝜏𝑒𝑑 𝐸𝑞. 4.21 
Assessing the limiting behavior of this expression at short and long times produces the following 





(𝜌0 ≈ 0) 𝐸𝑞. 4.22𝑎 
𝜌0 ≈ 1 −
1
3
𝑒−(𝜏𝑒𝑑−𝜏𝑖𝑑) (𝜌0 ≈ 1) 𝐸𝑞. 4.22𝑏 
𝜏𝑖𝑑 =
9 ln(3) − √3𝜋
6
= 0.741 𝐸𝑞. 4.22𝑐 
 
 Plugging these expressions into Eq. 4.21 and introducing explicit terms results in the following 















𝑡𝑒𝑑 (𝑟0 ≈ 𝑟𝑓) 𝐸𝑞. 4.23𝑏 
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𝑡𝑖𝑑 = 𝑡𝑒𝑑 (
9 ln 3 − √3
6
)  𝐸𝑞. 4.23𝑐 
At short times, currents are expected to scale with 𝑡1/2, consistent with classical nucleation and 
growth theory under mass-transfer limited conditions. This result is shown as the green curve in 
Figure 4.8b. At long times, the expected current is similar in form to the electrokinetically 
limited growth expression with the rate being determined by m instead of k, and the result is 
plotted as the yellow curve in Figure 4.8b. Equation 4.21 is plotted as the dashed red line in 
Figure 4.8b.  
 The predictions from this model summarized in Figure 4.8 allow for electrokinetic and 
mass-transfer limited growth mechanisms to be readily distinguished by the shape of the 
transient current response during the collision of single nanodroplets on ultramicroelectrodes, 
with 𝑖 ∝ 𝑡2 behavior denoting electrokinetically controlled growth and 𝑖 ∝ 𝑡1/2 behavior 
denoting mass-transfer limited growth. The models for mass transfer growth and kinetically 
limited growth are directly analogous; therefore, it is imperative to operate under potential 
regimes where one or the other dominates.  
 Because this model provides an exact treatment of the growth process from nucleation to 
complete electrolysis, entire current transients can be used in the extraction of quantities such as 
𝑘 or 𝑚, greatly increasing the accuracy of droplet-based analyses. Furthermore, one could 
convert the apparent rate constant to a standard rate constant by considering the potentials, as 
given in the Butler-Volmer formalism.50 However, this necessitates a detailed understanding of 
the equilibrium potential, which is not always possible for complex processes (i.e., 
electrodeposition in aqueous nanodroplets).30 Finally, we assume concentrations decrease in a 
uniform fashion within a nanodroplet over the course of an experiment. In the kinetically-limited 
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case, this implies a true uniform concentration throughout the droplet. In the diffusion-limited 
case, this implies a similar 1/𝑟-type profile is adopted, which decreases a constant factor over 
the course of an experiment. Within this derivation, the rate constant and diffusion coefficient are 
assumed to be independent of the nanodroplet size.  
 
4.2.2 COMSOL Multiphysics Evaluation of the Model and Mass Transfer 
  
 The various approximations employed in the models described above, namely (1) the 
assumption of pure kinetic or diffusion control over the growth rate and (2) the assumption of a 
large droplet radius in the diffusion case, may result in appreciable error when the models are 
applied within a certain parameter space. In order to evaluate these errors, a finite element model 
was employed to serve as a reference for the approximate models presented above. 
 The finite element model followed the formalism outlined in the “General Model” section 








(𝜌2𝛾𝑟) 𝐸𝑞. 4.24 





The flux at the electrode surface obeyed the kinetic relationship: 
𝛾𝑟|𝜌=𝜌0 = −𝜅𝜒|𝜌=𝜌0 𝐸𝑞. 4.26 
 
Particle growth was treated through a deformed mesh interface, with the growth coupled to the 
local flux as: 











Figure 4.9 – COMSOL Fitting – Comparison of finite element method simulations and derived 
analytical expressions for droplet-mediated nanoparticle nucleation and growth. (a) 
Dimensionless i-t transient (left) and concentration profiles (right) for a system where 𝑅 = 15 and 
𝜅 = 0.01, which exhibits kinetically-limited growth. (b) Dimensionless i-t transient (left) and 
concentration profiles (right) for a system where 𝑅 = 15 and 𝜅 = 100, which exhibits mass-
transfer limited growth. Concentration profiles are given at dimensionless times (𝜏𝑒𝑘 or 𝜏𝑒𝑑) of 0, 
1, 2, 3, and 4. 
 
Simulations were run for a time, 𝜏𝑠𝑖𝑚, of: 













Currents in these simulations were evaluated at 100 evenly spaced points over this timescale, and 
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Figure 4.9 gives comparisons between these simulations (the dimensionless currents and 
concentration profiles) and the analytical expressions derived above. The agreement between 
exact simulations and the derived analytical expressions are good for both the kinetically limited 
and mass transfer limited cases, though better for the kinetically limited case (a). This suggests 
that the approximations involved about the concentration profile for the kinetically limited case 
(i.e., that the concentration profiles are essentially flat) are more reasonable than those employed 
for the mass transfer limited case (that the concentration profile dynamically adjusts to a 
diffusion-limited expression as the nanoparticle grows). 
 In order to provide a broader view of the accuracy of the developed model, currents from 
these finite element simulations were compared to predictions from the developed analytical 
models in an automated fashion over values of 𝜅 ranging between 0.001 and 1000 and values of 
𝑅 ranging between 1.5 and 30. For each simulation, the accuracy of both approximate models 
were evaluated by calculating their respective coefficients of determination (𝑅2). This quantity is 
defined as: 
𝑅2 = 1 −
∑ (𝑆𝑖 − 𝑀𝑖)
2
𝑖
∑ (𝑆𝑖 − 𝑆̅)2𝑖
𝐸𝑞. 4.31 
Here, 𝑆𝑖 denotes a simulation data point, 𝑀𝑖 denotes an approximate model data point, and 𝑆̅ 
denotes the average of the simulated data. Results from this analysis are summarized in Figure 
4.10, which gives the maximum 𝑅2 value (either from the kinetic- or diffusion-controlled model) 
as a function of 𝜅 and 𝑅. It can be seen that excellent agreement is obtained for values of 𝜅 
below ~0.3 at all 𝑅 values, which is the region where the kinetic-controlled approximate model 
is valid. The diffusion-controlled model is valid for values of 𝜅 greater than ~10 and values of 𝑅 
greater than ~5, consistent with the assumptions made in the derivation of the model. 
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Figure 4.10 – Closed-Form Model Comparison to Finite Element Simulations – Colormap 
depicting coefficients of determination between the derived approximate models and finite 
element simulations as a function of kinetic facility (𝜅 = 𝑘𝑟𝑓/𝐷) and droplet size (𝑅 = 𝑟𝑑/𝑟𝑓). 
White dashed lines denote contours at 𝑅2 = 0.95. 
 
 As adding supporting electrolyte tends to cause experimental problems related to droplet 
destabilization/aggregation, we investigated the effects of migration through finite element 
simulations. In these simulations, electric fields in solution were calculated dynamically from the 
concentration of each species in the droplet (PtCl6
2-, Cl-, H+, and tetrabutylammonium) and the 
effect of these fields on mass transfer were calculated by including migratory components in the 
flux: 




where 𝑧𝑖 is the charge on some species, 𝐷𝑖 is its associated diffusion coefficient, and ∇𝜙 is the 
electric potential gradient. The assumption was made that ion transfer at the droplet-continuous 
phase interface was fast, and simulations were carried out with different species participating in 
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ion transfer to maintain charge balance within the droplet. Results from these simulations, 
carried out for a 500 nm radius droplet under mass transfer limited conditions in H2O, are 
summarized in Figure 4.11.  
 
Figure 4.11 – Simulated Effect of Electrophoretic Migration – Simulated current transients 
from finite element simulations including effects due to migration. Simulations were carried out 
for the deposition of a Pt nanoparticle from a 𝑟 = 500 nm droplet initially containing 0.2 M 
H2PtCl6 within a continuous phase containing 0.1 M tetrabutylammonium perchlorate. Different 
curves correspond to simulations allowing different species to participate in ion transfer at the 
interface between the droplet and continuous phases. The following diffusion constants were 
employed in these simulations: PtCl6
2- = 6 x 10-6 cm2 s-1, Cl- = 2 x 10-5 cm2 s-1, H+ = 9 x 10-5 cm2 
s-1, and TBA+ = 7 x 10-6 cm2 s-1. 
 
 When tetrabutylammonium was assumed to be the primary species participating in ion 
transfer, there were no observable effects on the simulated transients. When chloroplatinate was 
allowed to participate in ion transfer, a reduction in peak currents was observed as well as a shift 
of the transients to shorter times, which reflects loss of precursor material to the surrounding 
medium. No elongation of transient responses were observed which would explain the 
experimental responses in question. 
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 The relatively negligible impact of migratory effects in these systems can be rationalized 
by a straightforward analysis of expected transference number for the precursor in this system. 
















 Given the large diffusion coefficient for H+ (~10-4 cm2 s-1 in H2O), the transference 
number for platinate in the droplets will be quite low (~0.1), even initially. As particle nucleation 
and growth proceeds and Cl- is created, the transference number is decreased further and 
migratory contributions to mass transfer quickly become negligible. Based on the finite element 
simulations above and this simple analysis, we can conclude that migratory effects have a 
minimal impact on these systems. 
 
4.2.3 Extracting Single Pt Nanoparticle Growth Kinetics 
 
 Figure 4.12a shows transient responses for electrokinetic nanoparticle growth, and 
Figure 4.12b shows transient responses for diffusion-controlled growth. Differentiation of these 
two responses is made possible by changing the deposition potential. From these responses, it is 
obvious that two different mechanisms are at play. At low applied potentials, the foot of the 
transient event increases gradually (parabolic growth, following t2), whereas at high applied 
potentials, the foot of the transient event increases rapidly (instantaneous growth, following t1/2). 
The observation that the transient shape changes with potential suggests that the process 
occurring to produce such a response is the nucleation and growth of the nanoparticle within the 
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aqueous nanodroplet. The charge passed during these events is also given in the panels to 
demonstrate conservation of charge. The second panel in each row reports the theoretical curve 
generated by the coupled nucleation and growth and bulk electrolysis response for 
electrokinetically limited growth and mass transfer limited growth, respectively. 
 
Figure 4.12 – Comparing Electrokinetic and Diffusion Controlled Transients– (a) Observed 
and simulated response for the electrodeposition of chloroplatinate within nanodroplets under 
conditions of electrokinetically controlled growth. At low overpotential (0.3 V vs Ag/AgCl), 
electrokinetic nucleation and growth is predicted, generating a parabolic rising edge following t2. 
(b) Higher overpotentials (0.0 V vs Ag/AgCl) result in mass transfer-limited growth, which show 
an instantaneous rising edge that follows t1/2. The charge passed during each type of collision 
response is conserved, indicating electrolysis of a comparable number of precursor molecules. 
Emulsions consisted of 50 mM chloroplatinate in 50/50 water/glycerol suspended in 0.1 M 
[TBA][ClO4] 1,2-dichloroethane. A 10 µm Pt ultramicroelectrode, glassy carbon rod, and 
double-junction Ag/AgCl wire acted as the working, counter and reference electrode, 
respectively. 
 
 The higher background current observed in Figure 4.12b can be attributed to oxygen 
reduction on the underlying Pt ultramicroelectrode at the increasingly cathodic potentials 
necessary to observe the mass-transfer controlled response. The charge obtained from the 
integrated current transient can be related to the nanodroplet volume, Vd, by Faraday’s Law: 





 𝐸𝑞. 4.34 
where Q is the charge passed during the event, n is the number of electrons transferred, and C is 
the concentration of electroactive species in the nanodroplet. In the explicit form of the models 
used to fit electrokinetic and mass transfer limited growth, this relation provides the droplet 
volume for individual collision transients. Importantly, in our results, the only other parameter 
not explicitly defined is the apparent rate constant, k, for kinetically limited growth and the 
diffusion coefficient, D, for mass-transfer limited growth. By employing the explicit form of the 
models described above, we can fit the entire transient response as a function of one parameter. 
This method is more exact than fitting two separate portions of the curve using the limiting cases 
(i.e., nucleation and growth separated from bulk electrolysis).  
 
 Figure 4.13a shows a typical amperometric trace for electrokinetic growth of single 
nanoparticles. Figure 4.13b shows several fitted transients for electrokinetic growth of single 
nanoparticles, where the only adjustable parameter is k. The radius of the droplets extracted 
using Equation 4.34 above are in excellent agreement with previously reported results.47 There 
are sometimes interesting differences between the predicted curve and the actual event in the 
amperometric trace, as highlighted by the asymmetric event in Figure 4.13a that occurs just 
before 150 seconds. This could indicate droplet structural rearrangement during the deposition 
process and highlights the power of the model to indicate interesting deviations from what is 
expected.  
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Figure 4.13 – Fitting Electrokinetic Transients – (a) Example amperometric trace showing 
discrete electrokinetically limited nucleation and growth transients. Inset shows magnified event 
with example fit according to Equation 4.9. (b) Electrokinetically limited collision transients 
fitted to the explicit form of Equation 4.9 by altering k. Nanodroplet volume was obtained by the 
integrated charge. Fixed parameters include C = 0.05 M, VM = 9.07 x 10
-6 m3/mol, and n = 4. 
Emulsions consisted of 50 mM chloroplatinate in 50/50 water/glycerol suspended in 0.1 M 
[TBA][ClO4] 1,2-dichloroethane. Transient data obtained at 0.3 V vs Ag/AgCl using a 10 µm Pt 
ultramicroelectrode, glassy carbon rod, and double-junction Ag/AgCl wire as the working, 
counter, and reference electrode, respectively. 
 
 In this report, we have derived relationships for diffusion-controlled and electrokinetic 
growth processes; however, there are many obstacles standing in the way of obtaining reliable 
experimental information on diffusion-controlled processes. While fits can be made, diffusion 
coefficient values on the order of 10-12 m2 s-1 are necessary to fit experimental data to the model. 
Previous reports present an electrochemically derived diffusion coefficient of 1.2x10-9 m2 s-1 for 
hexachloroplatinate.7 However, the diffusion coefficient as obtained by nuclear magnetic 
resonance is less than half this value.54 Further correction of viscosity indicates the diffusion 
coefficient should be lower by a factor of about 7.5 in a 50/50 v/v glycerol to water solution 
(Figure 4.14). 
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Figure 4.14 – Effect of Viscosity on Steady-State Current – Validation of viscosity effect on 
electrochemical oxidation of ferrocene methanol. The y-axis plots the steady-state current 
resulting from the oxidation of a 1 mM solution of ferrocene methanol at a 10 μm Pt 
ultramicroelectrode divided by the steady-state current obtained at different ratios of glycerol 
(which raises the solution viscosity). The y-axis increases as the viscosity increases due to the 
dependence of the diffusion coefficient on the solution viscosity. These data are compared to the 
theoretical diffusion coefficient, which provides a theoretical current plotted as the calculated 
current ratio. These results validate the model used herein to determine the solution viscosity.  
 There are a couple of key phenomena that may artificially decrease the diffusion 
coefficient. In our model, we do not take into account the effects of ion transfer within the 
droplets or electrophoretic migration (due to the reduction of negatively charged chloroplatinate). 
The electrodeposition process within the nanodroplet necessitates charge balance, which is why 
we have included 0.1 M [TBA][ClO4] in the continuous organic phase. As chloroplatinate is 
reduced to platinum metal and liberating six chloride anions, tetrabutylammonium transfers into 
the nanodroplet, and [TBA][Cl] builds up over time. Initially, we were inclined to hypothesize 
electrophoretic migration was the key component in the small diffusion coefficients used in the 
fits. To probe this further, we performed finite element simulations (vide supra) that consider the 
effects of electrophoretic migration on the nucleation and growth transients for the instantaneous 
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growth process. These results indicate migration plays a very small role in the overall transient 
shape and duration. The potential at which we are attempting to see the instantaneous process (0 
V vs Ag/AgCl) may be in a mixed region between electrokinetic growth and diffusion limited 
growth. There are key difficulties in probing the instantaneous, mass transfer-limited growth case 
for chloroplatinate reduction at these more negative potentials. Chloroplatinate with other 
cations, such as sodium and potassium, does not have comparable solubility to 
hexachloroplatinic acid, and concentrations higher than 5 mM are necessary to observe collision 
transients on ultramicroelectrodes. Furthermore, under the acidic conditions within the droplet 
that are present using chloroplatinic acid, both proton reduction and oxygen reduction convolute 
the signal. Thus, we are able to conclude that migration does not play a large role in the overall 
signal, but we are unable to conclude whether or not ion transfer plays a significant role. It is 
important to note that applying low overpotentials allows us to ensure the rate limiting step in the 
overall electrocrystallization process is controlled by electron transfer, allowing us to neglect ion 
transfer and mass transfer effects in our simulations and gain information on nucleation and 
growth kinetics for single nanoparticles, one-at-a-time. 
 As stated above, the only parameter that is changed for the electrokinetically limited fits 
is k. We were interested to know whether or not k depended on the size of the droplet (and, thus, 
the size of the nanoparticle). Figure 4.15 shows a scatter plot of k values as a function of droplet 
size, which were obtained by integrating the charge under the transient. From this scatter plot, it 
is clear that there is no statistical contribution of droplet size; however, there is interesting 
‘noise’ in the data. To decrease error in measuring k, we developed a MATLAB program to 
optimize fits and give a least squares value for the fit. After taking these steps, the persistent 
noise in the data may be due to droplet restructuring on the ultramicroelectrode surface or 
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differences in ion transfer potential between droplets. From these data, an average apparent rate 
constant of 0.003 ± 0.001 cm·s-1 was extracted, which is consistent with bulk values extracted 
from electrokinetic growth experiments55, and is similar to previously reported rate constants for 
platinum56 (0.006 cm·s-1) and silver57 (0.05 ± .02  cm·s-1) electrodeposition. Furthermore, values 
for the rate constant of single platinum nanoparticle growth on platinum substrates has not been 
reported. Future investigations should be focused on developing methods to quantify the growth 
kinetics on nanoparticles smaller than 5 nm, where differences in nanoparticle oxidation 
potential become most prominent.19, 58, 59  
 
Figure 4.15 – Effective Rate Constant Scatter Plot – Plot of effective rate constant, k, as a 
function of observed nanodroplet radius and theoretical nanoparticle radius. 
 
 There is also the question of whether or not the droplets could collide simultaneously. 
While we cannot rule this out, we can invoke equations often used in the stochastic 
electrochemistry literature to understand the flux of droplets to the ultramicroelectrode surface 
for diffusion control.60 From nanoparticle tracking analysis, the nanodroplets have an average 
radius of about 500 nm. The Stokes-Einstein relationship can be used to obtain a diffusion 
coefficient of these droplets in 1,2-dichloroethane: 5.2 x 10-13 m2/s. The aqueous fraction can be 
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used to determine the nanodroplet concentration, which we find to be about 16 pM. The 
frequency of droplet collision with a 10 µm diameter Pt ultramicroelectrode is ~0.09 Hz, or one 
every 11 seconds.61, 62 This indicates that simultaneous droplet-droplet collision with the 
ultramicroelectrode surface is improbable but not impossible. In our experiments, the collision 
frequencies are around 0.07 Hz, indicating good agreement with the theoretical result.  
 There are some caveats of the current model. The first caveat is the assumption that the 
electrolysis occurs completely on the newly formed phase. Previous fits to transient decays 
indicate the contact radius is on the order of tens of nanometers.10 In our experiments, the 
nanoparticles are on the order of hundreds of nanometers, indicating growth eventually occurs 
only on the growing nanoparticle because the nanoparticle blocks mass transfer of analyte to the 
underlying electrode surface once it reaches a large enough size. Similar to the first limitation, a 
second limitation is that the model assumes growth occurs only on one nanoparticle at a time, as 
the equations are solved for the growth of single nanoparticles. Thus, more than one nucleus 
could conceivably nucleate within the time of the experiment. This is especially true for 
electrokinetic growth experiments; however, under these conditions, the model fit the 
experimental results exceptionally well. Finally, we assume that the nanoparticle radius is 
changing with time but do not account for the droplet contact radius changing with time. This 
would have an effect if the wetting rate was slower than the nucleation rate (i.e., induction time). 
 We have demonstrated here that one can model the nucleation and growth of single 
platinum nanoparticles inside aqueous nanodroplets as nanodroplets collide on an 
ultramicroelectrode surface. The presented model has two main assumptions for nanoparticle 
growth in very small volumes: 1.) Mixing within the droplet is fast, implying the precursor 
concentration decreases uniformly throughout the droplet during the deposition process. This 
 145  
 




, which is on the order of ms in the presence and absence of glycerol, much shorter ion 
transfer than the current transients observed in the present experiments. 2.) The particles being 
deposited are hemispherical. This type of analysis is amenable to quantifying growth within very 
small volumes. These results and the given model are generalizable across a range of materials 
for nucleation and growth studies. Importantly, the only adjustable parameter for fitting the 
electrokinetic growth is k, allowing for access to kinetic information on a nanoparticle-by-
nanoparticle basis. We found that the heterogeneous rate constant for the growth of platinum 
nanoparticles on a platinum ultramicroelectrode is k = 0.003 ± 0.001 cm·s-1 , which has not yet 
been reported. This value matched well with previous literature values for the growth of 
platinum and silver nanoparticles on carbon substrates. This technique is complementary to 
nanoelectrode techniques used to study single nanoparticle nucleation and growth but shows 
promise as a high-throughput method for quantifying physicochemical properties of single 
nanoparticles. Furthermore, the technique can be generally applied to the study of kinetic and 
mass transfer rates of reactions under nanoscale conditions of high spatial confinement. 
 
4.3 Conclusions and Outlook 
  
 This section outlined the determination of nanoparticle growth kinetics via stochastic 
collisions of nanoreactors with ultramicroelectrodes. Importantly, this represents the first 
system of its kind with the capability to measure single nanoparticle growth kinetics within 
tiny volumes, which may represent a more relevant environment for the translation of kinetic 
data rendered to natural systems. First, the addition of glycerol was shown to drastically alter 
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the shape of the electrochemical transient, causing the rising edge to resemble classical 
nucleation and growth processes on nanoelectrodes. After applying the classical models to 
our system, we developed a more comprehensive model to consider the contribution of both 
the nucleation and growth kinetics as well as the electrolysis kinetics. Coupling these two 
processes permitted an analytical solution for the entire electrochemical transient to be 
obtained, increasing the reliability of the fitting process. Furthermore, the only tunable 
parameter was either the rate constant, k, for electrokinetically controlled growth, or the 
diffusion coefficient, D, for mass-transfer controlled growth. Thus, these studies represent a 
powerful method for the determination of confined nanoparticle growth kinetics at the single-
nanoparticle level.  
 Several future directions and open questions stem from these results: 
1. Is there a dependence of growth kinetics on droplet size? The results shown herein 
consider droplets ranging from ca. 200 to 1000 nm in radius, and no obvious dependence 
was observed. However, smaller droplets may well show a dependence based on the 
quantum and physical effects that manifest in severely confined systems (for example, 
the decreased dielectric constant of water within a beta-barrel).  
2. Can the nucleation and growth process be observed in the absence of glycerol? In our 
studies, we employed a two-electrode potentiostat to increase the sample rate, assuming 
that the transients might in-fact be fittable at the correct overpotential. However, the 
transients continuously showed delta functions for the rising edge, even at 100 kHz.  
Continuing to flesh out the role of glycerol in permitting the nucleation and growth 
process to be observed, perhaps employing molecular dynamics simulations, would be of 
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great value. The end-goal would be the removal of this component while retaining the 
ability to assess growth kinetics in a more relevant environment.  
3. Can this method be used to observe the nucleation of very small nanoparticles/clusters?  
Unfortunately, the fundamental charge of an electron and the relative resolution of 
electrochemical instruments while maintaining reasonable bandwidth (~1 pA) means that 
tens of thousands of electrons must be transferred before a measurable signal is generated 
above the noise. It is impossible that nucleation kinetics, which involve only a few atoms, 
may be directly observed without an amplification mechanism. However, driving a 
reaction on the growing nanoparticle to provide amplification while simultaneously 
attempting to measure its nucleation kinetics presents several problems, with the most 
significant being the deconvolution of the amplification signal and the prevention of 
nanoparticle deactivation. Assuming that similar potentials are needed to generate the 
amplification signal by proton reduction, an extremely acidic droplet will be necessary to 
align the reduction of chloroplatinate (not proton coupled) and the reduction of proton 
(proton coupled). While conceptually this seems simple, the increased overpotential 
associated with small clusters vs bulk platinum will require an even greater pH shift to 
accommodate. Oxygen will also need to be removed from the emulsion, which has 
proven problematic thus far and will likely require the experiments to be done in a 
glovebox. Carbon microelectrodes will also be necessary, as the use of Pt will cause 
proton reduction to be driven on the substrate. Optimizing these parameters will be the 
first step toward observing nucleation kinetics for small nanoparticles and clusters.  
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CHAPTER 5 - COMPLEX ALLOY NANOPARTICLES 
 
5.1 Precisely Tuning Nanoparticle Stoichiometry 
 
 Complex cocktails of dissimilar metals alloyed into a single phase may present 
advantageous physiochemical properties, such as enhanced tensile strength1 and increased 
catalytic activity.2  Only recently have groups started to alloy five or more elements together into 
a new class of materials, termed high-entropy alloys.3, 4 High-entropy alloys are generally 
defined as containing five or more near-equimolar principle components alloyed into a 
crystalline solid-solution phase stabilized at an elevated mixing entropy. While the enthalpy of 
mixing favors phase separation to form intermetallic microstructures, materials with a 
homogeneous distribution of atoms can be left in a high-entropy state under certain experimental 
conditions.5-9 Unique properties arising from the proximal arrangement of dissimilar metal 
atoms, often referred to in terms of interatomic d-band ligand effects10 or crystal lattice strain11, 
are of great interest for generating advanced structural and functional materials. While these 
crystalline materials have been the subject of significant investigation12-15, disordered amorphous 
materials containing five or more components, termed high-entropy metallic glasses, may also 
offer access to properties arising from dissimilar metal interactions, though these complex 
materials remain largely unexplored.16, 17  
Generally, high-entropy materials are formed by thermal approaches in which 
compositionally favorable pure metal ingots are liquefied, homogenized, and rapidly cooled to 
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generate the bulk solid material.18 Translating these planar bulk materials into nanoparticles 
maximizes the active surface–area-to-volume-ratio, which directly impacts electrocatalytic 
efficiency.19 Though applying high-entropy catalytic nanomaterials to energy-relevant reactions 
holds great potential, the fabrication of high-entropy alloy nanoparticles by a complex thermal-
shock method was only recently reported.20 The application of such high temperatures using 
these methods necessitates the use of thermally resistant substrates and may incur stoichiometric 
inconsistencies due to the differences in vapor pressure between molten metals. In contrast to 
thermal approaches, electrodeposition of metal salt precursors onto a conductive surface 
constitutes a room-temperature, scalable approach for the formation of amorphous metallic glass 
films composed of nanoparticles.21, 22 Additionally, the active surface area of electrodeposited 
nanoparticles may be further enhanced by generating porous or rough particles.23 For cathodic 
alloy electrodeposition experiments, variability in nanoparticle coverage, size, and stoichiometric 
composition stems from three main issues: preferential precursor nucleation and growth on 
energetically favorable sites leading to uneven surface coverage, diffusion layer overlap between 
neighboring nanoparticles resulting in nanoparticle size and morphology polydispersity, and 
variation in precursor electrodeposition potential causing some metals to electrodeposit at higher 
atomic concentrations.  
This dissertation has discussed a solution to the issues outlined above by confining metal 
salt precursors to water nanodroplets suspended in 1,2-dichloroethane, allowing for the isolated 
delivery of a specific amount of precursor salt to a localized nucleation and growth domain upon 
nanodroplet collision with a conductor.24, 25 In this method, delivery of the precursor atoms to the 
substrate results from the formation of a ~10 nm droplet/electrode contact radius upon 
nanodroplet collision, which we exploited in the previous section to observe the nucleation and 
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growth of single Pt nanoparticles on ultramicroelectrodes.26 In these experiments, we determined 
that elevated mass transfer (i.e. rapid reduction of chloroplatinate to Pt0) within sub-femtoliter 
nanodroplets played an integral role in the formation of porous Pt nanoparticles. Interestingly, a 
55 ms carbothermal-shock followed by rapid quenching (105 K/s) played an integral role in the 
first reported fabrication of high-entropy alloy-nanoparticles by Hu et al. in 2018.20  
Extending this concept, here we use nanodroplet-mediated electrodeposition to 
demonstrate that the collision of nanodroplets with a biased electrode represents an electro-shock 
event on the order of 100 ms, rapidly reducing up to eight confined metal salt precursors into 
high-entropy metallic glass-nanoparticles with precisely tunable stoichiometric ratios. 
Furthermore, we use this method to design a CoFeLaNiPt high-entropy metallic glass-
nanoparticle electrocatalyst for complete water electrolysis to demonstrate the multi-functional 
potential of this synthetic method. Figure 5.1a shows a representative collision of a single 
nanodroplet filled with 8 mM CoCl2, MnCl2, CrCl3, NiCl2, and VCl3 (40 mM of metal salt in 
total) onto a carbon fiber ultramicroelectrode (r = 4 µm). The minimal background current 
provided by the ultramicroelectrode due to its micrometer dimensions facilitates the observation 
of single nanodroplet collision events. After an initial sharp rise corresponding to the collision of 
the nanodroplet with the ultramicroelectrode, the current decays due to the consumption 
(electrolysis) of the metal salt initially contained inside the nanodroplet.27, 28  Importantly, the 
width of the cathodic peak indicates that electrodeposition is finished within ca. 100 ms, a 
timescale similar to the one encountered in the carbothermal-shock synthesis (55 ms). The 
amount of charge transferred during the reduction process, Qred, is obtained by integrating under 
the blip-type response shown in Figure 5.1a. The analysis of multiple independent cathodic 
peaks leads to an average value of Qred = 3.47 ± 2.68 pC. This amount can be compared to the 
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initial amount of metal precursor contained within a nanodroplet and the corresponding charge, 
Qini, required to reduce all the precursor ions. According to Faraday’s Law this charge is given by 





𝟑 ∑ 𝒏𝒊𝑪𝒊    Equation 5.1 
 
Figure 5.1 – Controlling Nanoparticle Stoichiometry And Microstructure –  (a) Current 
transient corresponding to the collision of a single nanodroplet onto a carbon fiber 
ultramicroelectrode biased at -0.4 V vs Ag/AgCl. Nanodroplet contents are fully (> 98%) 
reduced within 100 ms, facilitating disordered co-deposition of various metal precursors. (b) 
Representation of a nanodroplet collision event highlighting the rapid nanoparticle formation at 
the water/substrate interface and the charge balance ensured by the transfer of TBA+ across the 
oil/water interface. (c) An amorphous microstructure is confirmed by a lack of crystallinity at 
high resolution and the presence of diffuse rings on the selected area electron diffraction pattern. 
(d) Correlated inductively coupled plasma mass spectrometry and energy-dispersive X-ray 
spectroscopy results on Co0.5Ni0.5, Co0.25Ni0.75, and Co0.75Ni0.25 nanoparticles confirming precise 
control over nanoparticle stoichiometry. (e) Alloy film electrodeposited from aqueous solution of 
equimolar metal salt precursors demonstrating phase and stochiometric heterogeneity. 
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where F is Faraday’s constant, rdrop is the average radius of a nanodroplet, ni is the number of 
electrons involved in electron transfer for the salt i, and Ci is the concentration of the salt i. Using 
an average value of rdrop = 450 nm, obtained by previous dynamic light scattering and 
nanoparticle tracking analysis results26, we calculated a value of Qini = 3.53 pC (Qred/ Qini = 98.2 
%). We conclude that all the metal ions initially contained in the nanodroplet are effectively 
reduced upon collision with an electrode biased at -0.4 V vs Ag/AgCl (Figure 5.1b). For the 
remainder of this work, we use a higher cathodic potential (-1.5 V vs Ag/AgCl) to ensure that 
electrodeposition occurs at or near the mass transfer limit for each depositing species. 
Table 5.1 – Inductively Coupled Plasma Mass Spectrometry Analysis – Inductively coupled 
plasma mass spectrometry quantification of bimetallic CoNi nanoparticles fabricated by 
nanodroplet-mediated electrodeposition in various stoichiometric ratios. Extraction from as-
deposited nanoparticles was achieved by dissolution in concentrated nitric acid with subsequent 
dilution to 5% v/v. It is important to note that the total concentration discrepancies between the 
Co0.5Ni0.5 and Co0.25Ni0.75/Co0.75Ni0.25 samples can be attributed to differences in dilution prior to 












Co0.5Ni0.5 18019.978 18046.862 0.500 0.500 
Co0.25Ni0.75 349.709 1083.591 0.244 0.756 
Co0.75Ni0.25 1006.487 372.168 0.730 0.270 
 
Transmission electron microscopy was used to investigate the microstructure of binary 
CoNi nanoparticles electrodeposited at equal stoichiometric ratios (Figure 5.1c), giving a 
selected area electron diffraction pattern with diffuse rings characteristic of amorphous 
materials.29, 30 Probing the atomic distribution within the amorphous microstructure by energy 
dispersive X-ray spectroscopy revealed a disordered cobalt-nickel arrangement. In this work, we 
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demonstrate an important feature of the electro-shock synthesis: precise tuning of nanoparticle 
stoichiometry can be achieved by modulating the ratio of the confined metal salt within water 
nanodroplets. By adding 20 mM CoCl2 and 20 mM NiCl2 to the nanodroplets and analyzing the 
composition of the resulting nanoparticles electrodeposited onto highly oriented pyrolytic 
graphite at -1.5 V vs Ag/AgCl with energy-dispersive X-ray spectroscopy and inductively 
coupled plasma mass spectrometry, we confirmed the stoichiometry of Co0.5Ni0.5 agreed with the 
initial stoichiometry of the metal salt dissolved in the nanodroplet. Tuning the proportion of 
CoCl2 and NiCl2 facilitated the generation of Co0.25Ni0.75 and Co0.75Ni0.25 nanoparticles with high 
precision, which were also verified by inductively coupled plasma mass spectrometry (Figure 
5.1d, Table 5.1).  
Importantly, inductively coupled plasma mass spectrometry data were perfectly aligned 
with energy-dispersive X-ray spectroscopy quantification despite the greater uncertainty in 
energy-dispersive X-ray spectroscopy measurements31, as indicated in Figure 5.1d. These results 
stand in stark contrast to the stochiometric variation within a CoCrMnNiV film electrodeposited 
from an aqueous solution containing 20 mM aliquots of each precursor metal onto a glassy 
carbon electrode biased at -1.5 V vs Ag/AgCl. The resulting energy-dispersive X-ray 
spectroscopy maps reveal a preferential co-deposition of a CoNi-rich phase and separate CrMnV 
phases (Figure 5.1e).  
 
5.2 Generating High-Entropy Nanoparticles Via Electro-Shock Reduction 
 
5.2.1 Nanoparticle Synthesis With Up To Eight Metal Components 
 
Using nanodroplet-mediated electrodeposition, the stoichiometry of the CoCrMnNiV 
nanoparticles can be controlled to near-equimolar ratios, as shown by energy-dispersive X-ray 
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spectroscopy and validated by inductively coupled plasma mass spectrometry, maximizing the 
mixing entropy (Figure 5.2). Typical electrodeposition and electroplating methods employ 
chemical additives, such as polyethylene glycol or hydrochloric acid, to obtain a desirable 
microstructure, which must be optimized based on the metal salt composition.32 In this 
generalized method, confining metal salts to water nanodroplets appears to mitigate the phase-
separation effects, as nanoparticles formed by electro-shock reduction maintain the disordered 
structure and intended stoichiometry shown by energy-dispersive X-ray spectroscopy and 
inductively coupled plasma mass spectrometry over a wide variety of metal compositions (vide 
infra).  
 
Figure 5.2 – Stochiometric Analysis – Elemental stoichiometry of individual metal components 
in CoCrMnNiV high-entropy metallic glass-nanoparticles from (a) inductively coupled plasma 
mass spectrometry and (b) energy-dispersive X-ray spectroscopy demonstrating control of 
elemental ratios from droplets loaded with equimolar metal precursor.  
 
It is worth noting that typical lithographic methods used to generate complex alloy 
nanomaterials incur up to 50% variability in stochiometric control33, whereas this method allows 
precise stochiometric control within 2-5%. Furthermore, the inductively coupled plasma mass 
spectrometry results validate energy-dispersive X-ray spectroscopy as a robust semi-quantitative 
method for determining approximate nanoparticle stoichiometries. These results demonstrate the 
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successful electrosynthesis of disordered nanoparticles and agree with the literature for the 
formation of mixed-metal oxide films of CoNi.34, 35 Alloys in this work are discussed in terms of 
the base metal without regard for the oxidation state (i.e. CoNi). X-ray photoelectron 
spectroscopy data found in Figure 5.3 details the oxidation states of metals in CoFeLaMnNi and 
CoFeLaNiPt high-entropy metallic glass nanoparticle systems, revealing that all metal species 
exist as oxides under the conditions necessary for X-ray photoelectron spectroscopy analysis. 
While these data are useful in indicating the presence and ambient oxidative condition of the 
high-entropy metallic glass material, they do not necessarily represent the oxidation state of these 
materials under an applied bias in solution.  
 
Figure 5.3 – X-Ray Photoelectron Spectroscopy Analysis – (a) X-ray photoelectron 
spectroscopy survey scan for a high coverage CoFeMnNiPt is presented demonstrating 
characteristic carbon and oxygen regions in addition to distinct peaks corresponding to individual 
metallic species. (b) Fe 2p X-ray photoelectron spectroscopy region demonstrates mixed FeO 
and Fe2O3 species at 2p3/2 binding energies of 711.1 eV (∆E = 13.5 eV) and 716.8 eV (∆E = 13.6 
eV), respectively. (c) Co 2p X-ray photoelectron spectroscopy region with characteristic mixed 
CoO and Co3O4 X-ray photoelectron spectroscopy peaks at a binding energy of 780.8 eV (∆E = 
15.4 eV) with a characteristic satellite peak at a binding energy of 786.1 eV (∆E = 15.3 eV). (d) 
Ni 2p X-ray photoelectron spectroscopy region with the presence of a peak corresponding to NiO 
at a binding energy of 855.0 eV (∆E = 17.2 eV) and a satellite peak at binding energy 861.6 eV 
(∆E = 17.0 eV). (e) La 3d X-ray photoelectron spectroscopy region with two peaks at binding 
energies of 833.9 eV (∆E = 17.0 eV) and 837.5 eV (∆E = 16.8 eV) potentially corresponding to 
convoluted La2O3 and La(OH)3 X-ray photoelectron spectroscopy signatures. (f) Pt 4f X-ray 
photoelectron spectroscopy region with the presence of a distinct peak at a binding energy of 
74.7 eV (∆E = 3.4 eV) corresponding to the presence of PtO2.  
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Figure 5.4 – Elemental And Microstructural Characterization –  (a) Energy-dispersive X-ray 
spectroscopy maps of various low-entropy nanoparticles. A low-entropy classification is dictated 
by less than four elemental components with equimolar stoichiometric ratios to give a ΔS < 1.61 
R. (b) Energy-dispersive X-ray spectroscopy images of high-entropy metallic glass-nanoparticles 
(ΔS > 1.61 R) produced by adding up to eight metal salt precursors to the nanodroplets. (c) High-
angle annular dark field scanning transmission electron microscopy images of a CoFeNiLaPt 
high-entropy metallic glass-nanoparticle with accompanying high-resolution energy-dispersive 
X-ray spectroscopy images showing disordered elemental distribution at the atomic scale. The 
diffuse rings on the selected area electron diffraction pattern indicate an amorphous 
microstructure. All nanoparticles were electrodeposited at -1.5 V vs Ag/AgCl. Scalebars 
represent 500 nm unless otherwise indicated. 
 
The scope of the nanodroplet electro-shock method was demonstrated by loading 
nanodroplets with various combinations of metal salt precursors and showing their atomic 
arrangement and semi-quantitative stochiometric ratio in the resulting nanoparticle by energy-
dispersive X-ray spectroscopy. Figure 5.4a shows the resulting scanning electron microscopy 
and energy-dispersive X-ray spectroscopy images obtained over MG-nanoparticles with up to 
four elemental components, constituting low-entropy systems with ΔS < 1.61R.36 Figure 5.4b 
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shows scanning electron microscopy and energy-dispersive X-ray spectroscopy images obtained 
for various high-entropy metallic glass-nanoparticle systems, which have a calculated mixing 
entropy ΔS > 1.61R. High angle annular dark field scanning transmission electron microscopy 
and selected area electron diffraction were used to validate the conservation of a disordered, 
amorphous microstructure in this high-entropy system (Figure 5.4c). The high resolution of 
high-angle annular dark field scanning transmission electron microscopy energy-dispersive X-
ray spectroscopy mapping (< 20 nm) showing a disordered atomic arrangement supports the 
lower resolution energy-dispersive X-ray spectroscopy images obtained by scanning electron 
microscopy. In addition, X-ray diffraction was employed to support the amorphous 
microstructure from selected area electron diffraction (Figure 5.5).  
Semi-quantitative atomic percentages via energy-dispersive X-ray spectroscopy obtained 
over three particles for each alloy configuration are presented in Table 5.2, confirming 
maximized entropy and demonstrating stoichiometric control based on the concentration of metal 
salt precursor added to the nanodroplets. 
 
Figure 5.5 – X-Ray Diffraction Analysis – X-ray diffraction spectrum of CoFeLaMnNi high-
entropy metallic glass-nanoparticle high coverage sample on amorphous glassy carbon substrate 
electrode in a 2-Theta grazing angle orientation indicating characteristic glassy carbon broad 
amorphous peaks and no significant sharp peaks corresponding to metallic crystal facets or 
crystalline alloys.  
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Figure 5.6 – Cyclic Voltammetry of Various Metal Precursors – CV scans of metal 
chloride precursor on a 3 mm diameter highly oriented pyrolytic graphite electrode for 
electrodeposition with 250 mM KCl and 137 mM phosphate buffered saline with a glassy carbon 
rod counter electrode and a double-junction Ag/AgCl reference electrode. Cathodic scans from 
0.5 V vs Ag/AgCl reveal nucleation behavior at varying onset potentials for (a) CoCl2, (b) CrCl3, 
(c) GdCl3, (d) InCl3, (e) MnCl2, (f) NiCl2, (g) SnCl2, (h) VCl3, (i) ZnCl2. This evaluation is 
difficult since the nucleation and growth of metals is an inner-sphere process, and the reduction 
of each metal species on corresponding dissimilar metal electrodes has not been studied in detail. 
To further this complication, the potential at which single atoms can be oxidized is different from 
bulk, polycrystalline metal, implying that differences in heterogeneous kinetics may manifest 
from very small agglomerates of metal atoms. Finally, the stabilization of deposited metal atoms 
on the growing amorphous structure is not well understood. 
 
Some of the metals incorporated into these nanoparticles, such as manganese, have been 
observed to electrodeposit poorly under general aqueous conditions.37 Characterization of 
individual metal salt species electrodeposited on highly oriented pyrolytic graphite during cyclic 
voltammetry are shown in Figure 5.6. While these data are useful for determining an 
approximate onset potential for nucleation and growth onto the carbon substrate, this evaluation 
may not accurately represent the kinetics of alloy formation due to the previously reported 
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favorable thermodynamic shift associated with co-deposition of multiple metals.38 Furthermore, 
our previous results (Figure 5.1), comparing nanodroplet-mediated electrodeposition to bulk 
aqueous electrodeposition, indicate stoichiometric control over systems where precise control 
has been traditionally difficult to achieve. 
 
5.2.2 Bifunctional Water Splitting using CoFeLaNiPt Nanoparticles 
 
We demonstrate the versatility of the electro-shock method and its application to 
designer, multifunctional electrocatalysis by synthesizing a novel CoFeLaNiPt high-entropy 
metallic glass-nanoparticle electrocatalyst for cathodic and anodic water splitting. Generally, 
electrocatalysts are synthesized and optimized for a particular electrocatalytic reaction. However, 
it may be economically beneficial to design nanomaterial electrocatalysts amenable to multiple 
electrocatalytic reactions, a task which is streamlined by the synthetic method presented in this 
work. For instance, two important reactions for the production of fuel cell reactants are the 
oxygen evolution reaction and the hydrogen evolution reaction. While Pt39 offers facile kinetics 
for the hydrogen evolution reaction, it displays rather poor performance for the oxygen evolution 




and mixed MOx, such as NiFeOx
43, have been shown to be kinetically favourable toward the 
oxygen evolution reaction; however, each of these MOx compounds have poor activity toward 
the hydrogen evolution reaction. Rare-earth oxides, such as La2O3, have been used to confer 
stability to materials exposed to alkaline conditions.44 The literature precedent surrounding these 
materials inspired us to design a CoFeLaNiPt high-entropy metallic glass-nanoparticle 
electrocatalyst amenable to the oxygen evolution reaction and the hydrogen evolution reaction at 
a single nanomaterial. It is important to note that the calculated entropic contribution to the total 
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Gibb’s free energy of the nanoparticle arises from near-equimolar elemental concentrations, 
whereas colloquial alloy systems generally contain a single principle element doped with other 
metals in low concentration.45 Electrocatalytic activity may be greatly amplified by tuning the 
stoichiometric ratios, as was reported for the record oxygen evolution activity of Fe0.25Ni0.75 
oxyhydroxide materials.46  Because the high-entropy classification is predicated on the equimolar 
ratio of the elemental constituents, it may be necessary to tune metal ratios away from the high-
entropy state to optimize electrocatalysis. In this work, it is our goal to explore the near-
equimolar synthesis of high-entropy metallic glass-nanoparticles using nanodroplet-mediated 
electrodeposition and demonstrate the precise tuning of metals rather than to search for an 
optimal stoichiometric ratio for electrocatalytic water splitting. 
Accurate determination of the electrochemically active surface area (electrochemical 
surface area) for a given material is extremely important to quantify and compare electrocatalytic 
activity. Commonly, the double layer capacitance of the catalyst is determined by  CV in a non-
faradaic region or by electrochemical impedance spectroscopy.47 After electrodeposition of 
CoFeLaNiPt high-entropy metallic glass-nanoparticles onto the highly oriented pyrolytic 
graphite substrate at -1.5 V vs Ag/AgCl, CV at seven scan rates was conducted (Figure 5.7a). 
Plotting the cathodic and anodic current as a function of the scan rate reveals a linear function, 
where the slope indicates the double layer capacitance (CDL). Electrochemical impedance 
spectroscopy can also be used to obtain the double layer capacitance by fitting the impedance 
response of the system at different frequencies to the Randles circuit (Figure 5.7b). The double 
layer capacitance can be correlated to the electrochemical surface area using the specific 
capacitance of the material. Using CV and electrochemical impedance spectroscopy, we 
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determined the electrochemical surface area of the CoFeLaNiPt high-entropy metallic glass-
nanoparticles to be 0.0013 and 0.0041 cm2, respectively.  
 
Figure 5.7 – Evaluation Of Catalyst Electrochemically Active Surface Area – (a) CV 
analysis on the CoFeLaNiPt high-entropy metallic glass-nanoparticle electrocatalyst from -0.05 
V to 0.05 V vs OCP (-0.25 to -0.15 V vs Ag/AgCl) at 5, 10, 25, 50, 100, 250, and 500 mV/s in 
0.1 M KOH. The inset plot shows the cathodic and anodic current contributions as a function of 
scan rate. (b) Nyquist plot obtained by electrochemical impedance spectroscopy fitted to the 
Randles cell (inset) (c) Histogram of observed high-entropy metallic glass-nanoparticle radius in 
scanning electron microscopy. The background capacitance of the bare highly oriented pyrolytic 
graphite electrode was subtracted from the obtained double layer capacitance to compensate for 
the low substrate coverage. 
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Nanodroplet-mediated electrodeposition offers an additional metric for approximating the 
electrochemical surface area through an integrated form of the Cottrell equation to determine the 
total number of nanoparticles incident on the electrode surface over a certain deposition time (t), 
outlined in Chapter 3. This analysis approximates nanoparticle coverage based on diffusional 
mass transfer of nanodroplets to the electrode surface with subsequent electrodeposition to form 
a single nanoparticle, which was previously validated for Pt nanoparticles electrodeposited from 
water nanodroplets.23 By assuming a hemispherical geometry and using the average nanoparticle 
radius of 320 nm determined by scanning electron microscopy, an approximate electrochemical 
surface area was calculated as 0.012 cm2, as shown in Figure 5.7c. For the analysis of our 
electrocatalytic materials, we used the average of the electrochemical surface area values 
determined by these three methods.  
 We chose to evaluate these electrocatalysts in 0.1 M KOH due to increased metal oxide 
stability48, reduced cationic interaction49, and practicality for real-world water electrolysis 
applications.50 Resulting iR-corrected linear sweep voltammograms at 10 mV/s given in Figure 
5.8 highlight high-entropy metallic glass nanoparticle functionality for both the hydrogen 
evolution reaction and the oxygen evolution reaction. Electrocatalyst overpotential (ƞ) is most 
often reported as the difference between the applied potential (E) and the equilibrium potential 
(Eeq), which is 1.23 V vs RHE for the oxygen evolution reaction and 0 V vs RHE for the 
hydrogen evolution reaction.51 Using this metric at a current density of 10 mA·cm-2, we obtained 
an oxygen evolution reaction overpotential of 377 ± 4 mV for the high-entropy metallic glass 
nanoparticles. Significantly, this finding represents a 139 and 36 mV improvement over unary Fe 
and Ni, respectively, demonstrating synergistic transition metal oxide interactions.52 The high-
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entropy metallic glass-nanoparticle overpotential also corresponds to typically reported values 




Figure 5.8 – Electrocatalytic Evaluation of a CoFeLaNiPt – (a) Anodic polarization of the 
high-entropy metallic glass electrocatalyst and its individual components starting from the 
equilibrium potential of the oxygen evolution reaction, 1.23 V vs RHE. Each material was 
loaded onto the highly oriented pyrolytic graphite substrate by nanodroplet-mediated 
electrodeposition. The current was converted in terms of the current density, j, based on the 
electrochemical surface area. (b) Cathodic polarization of the high-entropy metallic glass 
electrocatalyst and its individual components to drive the hydrogen evolution reaction starting 
from 0 V vs RHE. All measurements were temperature controlled to 25°C, purged with O2 for 
the oxygen evolution reaction and H2 for the hydrogen evolution reaction, and iR corrected. For 
convenience, we represented the oxygen evolution reaction and hydrogen evolution reaction on 
the same nanoparticle, but these two reactions are not carried out simultaneously.  
 
 For the hydrogen evolution reaction, the high-entropy metallic glass-nanoparticles 
significantly outperformed the individual components with an overpotential of 555 ± 2 mV, 
representing an improvement of 132, 176, and 183 mV over Fe, Pt, and Co nanoparticles, 
respectively. Though these hydrogen evolution reaction overpotentials are slightly elevated 
compared to the current literature, the relative activity of each metal component is conserved.51 
Assuming platinum as the active site, this observation may be explained by elemental synergisms 
between Pt and one or more of the other elemental components on the atomic scale, or possibly 
an increase in Pt surface area based on its atomic distribution in the amorphous microstructure. 
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Additionally, a bulk polycrystalline Pt disk electrode was evaluated in 0.1 M KOH to verify the 
efficacy of the system for the hydrogen evolution reaction, and the obtained overpotential of 201 
± 15 mV agrees with literature values (Figure 5.9).51  
 
Figure 5.9 – Hydrogen Evolution at a Pt Macrodisk – Linear sweep voltammogram showing 
the polarization of a 1 mm radius Pt disk electrode to drive the hydrogen evolution reaction. A 
current density of 10 mAꞏcm-2 is reached at -201 mV vs RHE, corresponding to an overpotential 
of 201 mV. The electrochemical surface area of the electrode was determined by electrochemical 
impedance spectroscopy to be 0.0993 cm2 assuming 20 μFꞏcm-2 as the specific capacitance. A 
Ag/AgCl reference electrode separated from the cell by a salt bridge and a glassy carbon rod 
acted as the reference and counter electrode, respectively. Scan rate was 10 mV/s. 
 
 The overpotential necessary to drive the hydrogen evolution reaction on these 
electrodeposited nanomaterials is significant and possibly indicates active site poisoning. 
Therefore, while this work demonstrates the potential for the electro-shock method to generate 
novel electrocatalysts, increasing the overall electrocatalytic efficiency of these materials 
requires optimization. The high-entropy metallic glass nanoparticle electrocatalyst was found to 
be stable for at least 1 h at an overpotential necessary to produce 10 mA·cm-2 for both the 
oxygen evolution reaction and the hydrogen evolution reaction (Figure 5.10).  
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Figure 5.10 – Catalyst Stability Studies – (a) Stability of the CoFeLaNiPt high-entropy 
metallic glass nanoparticle electrocatalyst over 3600 seconds at an overpotential of 377 mV 
(corresponding to an initial current density j = 10 mAꞏcm-2) for the oxygen evolution reaction at 
25° C and under conditions of O2 saturation revealing minimal drift in current density. (b) 
Stability of CoFeLaNiPt high-entropy metallic glass-nanoparticle electrocatalyst over 3600 
seconds at an overpotential of 557 mV (corresponding to an initial current density j = -10 
mAꞏcm-2) for the hydrogen evolution reaction at 25° C and under conditions of H2 saturation 
revealing minimal drift in current density. 
 
 Furthermore, metal loading on the substrate as a result of the nanodroplet-mediated 
electrodeposition method was on the order of 10 ngꞏcm-2 for each material, constituting a 
significant reduction in mass compared to typically employed water splitting electrocatalysts.  
Other electrocatalytic parameters derived from this analysis, such as mass activity and Tafel 
slope, can be found in Table 5.3.   
 In this work, it is our intent to showcase a generalized platform for the design and 
synthesis of novel catalytic multi-component materials. To this end, we present the CoFeNiLaPt 
material as a successful example of an electrocatalyst specifically designed for both the hydrogen 
evolution reaction at Pt active sites and the oxygen evolution reaction at transition metal active 
sites, which happens to show interesting synergistic activity above that of its individual 
components.  In principle, the ability to functionally and stoichiometrically tune activity by 
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varying metal salt species and ratios within water nanodroplets offers exciting opportunities for 
many electrocatalytic systems.  
Table 5.3 – Overpotential, Tafel Slope, And Mass Activity – Overpotential values for the 
oxygen evolution reaction and the hydrogen evolution reaction were extracted at current density 
values of j = 10 mA·cm-2. Tafel slope values were extracted from high overpotential regions of 
the voltammograms for the oxygen evolution reaction and the hydrogen evolution reaction. Mass 
activity for individual electrocatalysts were calculated from extracted current values at 
overpotential values of j = 10 mA·cm-2 and normalized to the mass of metal nanoparticles. 
 
 
5.3 Conclusions and Outlook 
 
high-entropy metallic glass nanomaterials present an opportunity to enhance a catalyst’s 
chemical and physical properties by selectively incorporating particular elements in certain 
ratios. In this section, we have presented a facile one-step method, nanodroplet-mediated 
electrodeposition, to fabricate high-entropy metallic glass nanoparticles with up to eight principle 
metallic components while maintaining precise control over elemental stoichiometry. Analysis of 
single emulsion nanodroplet collision events at a carbon fiber ultramicroelectrode indicated 
complete electrolysis on the order of 100 ms, facilitating rapid nanoparticle formation. This 
electro-shock reduction generated near-equimolar nanoparticles characterized by a disordered, 
amorphous microstructure confirmed by high-angle annular dark field scanning transmission 
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electron microscopy, selected area electron diffraction, and X-ray diffraction. High-resolution 
energy-dispersive X-ray spectroscopy analysis of single nanoparticles demonstrated 
homogeneous atomic distribution, a property that may elucidate functional synergism towards 
electrocatalysis. While the CoFeLaNiPt high-entropy metallic glass-nanoparticle system offers 
multi-functional electrocatalytic activity for the hydrogen evolution reaction and the oxygen 
evolution reaction by combining desirable electrocatalytic properties of transition and noble 
metals, this generalized synthetic platform represents a unique opportunity to tune this class of 
high-entropy metallic glass-nanoparticle electrocatalysts for a wide range of reactions.  
A variety of scientific veins remain to be explored regarding multi-metallic nanoparticles 
driven by the following questions: 
1. What is the effect of multiple metals on nucleation and growth 
kinetics/thermodynamics? It is established that the contribution of mixing entropy 
reduces the overpotential necessary to plate certain metals, and these experiments 
coupled with the previously reported growth kinetics method may help tease out the 
thermodynamic contribution to nanoparticle formation in more detail.   
2. Are the nanoparticles formed by this method truly “metallic glass” or more akin to an 
oxide? This question is particularly important under cathodic conditions, as oxides are 
generally poor hydrogen evolution reaction electrocatalysts. While 
thermodynamically, the reduction of these oxides as monometallic crystals is unlikely 
(particularly for elements like La or Gd), the thermodynamic effects previously 
mentioned may permit the formation of metallic glass structures under an applied 
bias. In situ surface interrogation techniques will be necessary to answer this 
question, whether they be spectroscopic (X-ray photoelectron spectroscopy) or 
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electrochemical (Scanning electrochemical microscopy/scanning electrochemical cell 
microscopy). 
3. What determines the morphology of the nanoparticle? In this study, the nanoparticles 
were observed to resemble crumpled spheres, seemingly indicating the selective 
reduction of the metal salt at the phase boundary. Hollow particles have also been 
observed when only Cr was introduced into the droplets. Clearly, there is an 
opportunity to generate nanomaterials with unique structures if the deposition 
mechanism can be understood and controlled. Careful experimentation controlling the 
concentration of salt, deposition potential, and substrate should help elucidate the 
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CHAPTER 6 - PROBING INTERFACIAL DROPLET DYNAMICS  
 
6.1 Quantifying Droplet Contact Radii 
 
 Reactivity at phase boundaries is central to many areas of chemistry, from synthesis to 
heterogeneous catalysis. New tools are necessary to gain a more detailed understanding of 
processes occurring at these boundaries. We describe a series of experiments to visualize phase 
boundaries using electrogenerated chemiluminescence on glassy carbon electrodes. By taking 
advantage of the solubilities of the electrogenerated chemiluminescence luminophore and the co-
reactant in different liquid phases, we demonstrate that the interface of various phases (i.e., the 
boundaries formed between a water microdroplet, 1,2-dichloroethane, and a glassy carbon 
electrode) can be evaluated. We measured microdroplet contact radii, solvent entrapment, and 
the three-phase boundary thickness. These experimental tools and the fundamental knowledge 
they yield will find applications in biology, nanoscience, synthesis, and energy storage and 
conversion, where understanding phase boundary chemistry is essential. 
Electrogenerated chemiluminescence is an ideal technique to observe surface phenomena 
in multiphase systems due to its surface-confined response1, low background, and tunability in 
organic and aqueous solvents with respective luminophores and co-reactants.2 These reactions 
exploit electrochemically-generated radical annihilation reactions to produce an excited state 
luminophore, which may undergo photoemission to produce an optical signal. While ubiquitous 
when applied in bulk systems, a limited number of reports exist exploring droplet-confined 
electrogenerated chemiluminescence. On the nanoscale, immunoassay labels have been 
generated by Bard3 and others4 using liposome-confined electrogenerated chemiluminescence, 
and single oil nanodroplet collision events at ultramicroelectrodes have been reported.5, 6 For 
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microdroplets, Sojic and coworkers imaged the boundary between an aqueous continuous phase 
and dodecane droplets functionalized with a luminophore-grafted microgel.7 A selection of 
sensors have also been fabricated using microdroplet-confined electrogenerated 
chemiluminescence.8-10 In all of the aforementioned studies, the contact between the droplet and 
the electrode surface is assumed to be occupied by just one phase. Table 6.1 summarizes 
important parameters from a selection of previous work. 
Table 6.1 – Summary Of Important Parameters From Published Biphasic Experiments 






Glasscott et al. 11 Water 1,2-Dichloroethane 5-100 µm GC 
Ru(bpy)32+ electrogenerated 
chemiluminescence w/ C2O42- 
Tasakorn et al. 12 Nitrobenzene Water 1 mm GC Ferrocene 
Weatherly et al. 13 Water 1,2-Dichloroethane 1 µm C, Pt Hexacyanoferrate (II/III) 
Simm et al. 14 
1,2 -
Dichloroethane 
Water 5 µm Au Cu(II) and As(III) 
Nakatani et al. 15 Nitrobenzene Water 5-15 µm Au Ferrocene 
Aoki et al. 16 Nitrobenzene Water 230 nm GC Ferrocene 
Bois et al. 7 Dodecane Water 40 µm C 
Ru(bpy)32+ electrogenerated 
chemiluminescence 
Donten et al. 17 Nitrobenzene Water 1-8 µL G 
Ferrocenium and 
Decamethylferrocenium 
Zhang et al. 18 Water Dichloromethane < 1 µm C Hexacyanoferrate (II/III) 
Liu et al. 19 Toluene Water 200 nm Pt. C Rubrene 
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 Many fundamental questions arise in the study of multi-phase systems.20 For instance, 
while emulsion droplets have been studied by our group and others for the electrodeposition of 
nanomaterials21-27, the study of nanoparticle nucleation and growth28, 29, and the electrosynthesis 
of organic molecules30, 31, the dynamics of droplets interacting with electrode surfaces (i.e., 
wettability, velocity, elasticity) require more rigorous elucidation.32 Within these experiments, 
micro- or nanodroplets diffuse through a continuous phase before colliding with and adsorbing to 
an electrode surface, permitting the contents to participate in an interfacial redox reaction. The 
dimensions of the electrode|droplet interface have been estimated by fitting transient decays in 
the amperometric i-t response with bulk electrolysis theory.33-35 However, no imaging evidence 
exists to validate this contact radius size. In this work, we demonstrate the application of 
electrogenerated chemiluminescence to directly visualize phase boundaries, yielding insight into 
contact radii and phase boundary thickness for microdroplets (rdroplet = 10-60 µm). 
 
Figure 6.1 – Determining Droplet Contact Radius – (a) Optical image of water microdroplets 
loaded with 10 mM [Ru(bpy)3]Cl2 (luminophore) and 50 mM sodium oxalate (co-reactant) 
adsorbed to an inverted 1.5 mm radius glassy carbon electrode. (b) Electrogenerated 
chemiluminescence signal generated by the application of 1.3 V vs Ag/AgCl to oxidize both 
[Ru(bpy)3]
2+ and oxalate, false-colored as red. The signal is confined to the water|electrode 
interface due to the insolubility of oxalate in the oil phase, producing a contrast at the water|1,2-
dichloroethane interface and allowing a direct measurement of the contact radius. (c) Overlay of 
the optical and electrogenerated chemiluminescence images. (d) Schematic representation of the 
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two-phase system where electrogenerated chemiluminescence is confined within the aqueous 
microdroplet. [TBA][ClO4] acts as a supporting electrolyte and charge balance mediation by the 
transfer of [ClO4]
- into the droplet upon oxidation of the electrogenerated chemiluminescence 
reagents. (e) Schematic representation of the direct electrogenerated chemiluminescence reaction 
pathway. (f) Plot of microdroplet radius as a function of the measured contact radius revealing a 
linear trend. A silver chloride wire and platinum wire served as the reference and counter 
electrode, respectively. The exposure time was 10 s. 
 
 The selective imaging of the two-dimensional contact interface for water droplets 
suspended in 1,2-dichloroethane may be achieved by choosing a luminophore/co-reactant couple 
such that the electrogenerated chemiluminescence reaction only proceeds in the aqueous phase. 
Optical microscopy under oblique white light illumination (Figure 6.1a) allowed quantification 
of the water droplet size. The electrogenerated chemiluminescence signal generated by the 
droplet-confined oxidation of [Ru(bpy)3]
2+ and oxalate at 1.3 V vs Ag/AgCl causes the 
droplet|electrode interface to luminesce, providing a quantifiable contrast between the oil and 
water phases (Figure 6.1b). The electrogenerated chemiluminescence mechanism, which may 
proceed through various pathways36, is summarized below:  
 𝑅𝑢(𝑏𝑝𝑦)3 
2+ → 𝑅𝑢(𝑏𝑝𝑦)3 




  2− → 𝐶2𝑂4
∙ − +  𝑒− (2) 
 𝐶2𝑂4
∙ − → 𝐶𝑂2 + 𝐶𝑂2
∙ − (3) 
𝐶𝑂2
∙ − + 𝑅𝑢(𝑏𝑝𝑦)3 
3+ →   𝐶𝑂2 + 𝑅𝑢(𝑏𝑝𝑦)3 
2+∗ (4) 
𝑅𝑢(𝑏𝑝𝑦)3 
2+∗ →  𝑅𝑢(𝑏𝑝𝑦)3 
2+ + ℎ𝜈 (5) 
where (1) and (2) represent oxidation reactions at the electrode surface, (3) is a 
degradation reaction of the unstable oxalate radical, (4) is the radical annihilation reaction, and 
(5) is the photoemission step.37 The overlay of these results (Figure 6.1c) indicates that droplets 
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as small as 10 µm and contact radii as small as 4 µm may be readily imaged via optical and 
electrogenerated chemiluminescence microscopy, respectively.  
 
Figure 6.2 – Voltammetric Analysis of Reaction Components – Cyclic voltammograms 
showing the oxidation of (a) 10 mM [Ru(dmbpy)3](PF6)2, (b) 10 mM Rubrene, (c) 10 mM 
[Ru(bpy)3]Cl2, and (d) 10 mM oxalate in the respective solvents indicated. [Ru(bpy)3]Cl2 showed 
significant solubility in both 1,2-dichloroethane and water, necessitating the use of the 
[Ru(dmbpy)3+](PF6)2 to isolate the luminophore selectively in the organic phase for the three-
phase experiments. Scan rate was 0.1 V/s. A 1.5 mm radius glassy carbon electrode, double-
junction silver chloride wire, and platinum wire served as the working, reference, and counter 
electrode, respectively. Based on these voltammograms, applied potentials of 1.3 and 1.4 V vs 
Ag/AgCl were chosen for the droplet-confined and three-phase experiments, respectively, 
indicating all oxidative processes occur at the mass transfer limit. These potentials exceed the 
peak potential by at least 50 mV in order to compensate for any junction potentials introduced by 
the microdroplet/1,2-dichloroethane interface. Rubrene was included as a standard to verify the 
efficacy of the system.6 
 
 According to bulk electrolysis theory38 and assuming 99% electrolysis, the average 
electrolysis time for the droplets may be calculated to approximate the expected duration of the 
electrogenerated chemiluminescence signal: 










     Eq. 6.1 




assuming an inlaid disk electrode), A is the average microdroplet contact area, r is the average 
contact radius, D is the diffusion coefficient of [Ru(bpy)3]
3+ (3.6x10-6 cm2 s-1 calculated from the 
cyclic voltammogram in Figure 6.2), V is the average microdroplet volume (approximated from 
the average droplet diameter), and t is the electrolysis time. From Eq. 1, the time to electrolyze 
99% of the droplet contents is ca. 30 s. Using an exposure time on the order of 10 seconds 
maximizes collected photons, ensuring a contrasted electrogenerated chemiluminescence image. 
Furthermore, this is the maximum exposure time the CMOS camera employed accommodates. 
The experiments regarding the imaging of bubble phase boundaries does not suffer from limited 
reactant quantities as both the electrogenerated chemiluminescence reactants are in the 
continuous phase, which permits a time resolution of 0.1 s (vide infra). 
 In electrogenerated chemiluminescence experiments, it is important to consider 
visualization depends on mass transfer effects, chemical reaction kinetics, and excited state 
lifetimes (vide infra). Even so, the contact radius measured by the electrogenerated 
chemiluminescence signal at the water|electrode interface shows good agreement with the 
contact radius that can be observed in the optical image (lack of reflecting light). However, the 
electrogenerated chemiluminescence image allows a clearer visualization and line scan 
quantification of the contact radius for smaller droplets. 
 The contact and droplet diameters may be analytically acquired by considering a line 
scan representing the feature of interest with respect to the background noise of the image. In 
order to determine the background noise of the image, we obtained line scans in regions with no 
optical features as shown in Figure 6.3a,b. The dotted lines indicate the noise floor, σ. In order 
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to make an objective determination of contact and droplet diameter, we evaluated the line scan of 
the optical feature at 1.5σ as shown in Figure 6.3c,d. This analysis was performed over 256 line 
scans to generate 128 comparisons between a droplet’s diameter and its contact diameter as 
measured by electrogenerated chemiluminescence. 
 
Figure 6.3 – Standardization for Radius Determination – Noise profiles for (a) the optical 
image obtained by oblique illumination of the electrode surface and (b) the electrogenerated 
chemiluminescence image permitting acquisition of the average noise, which is denoted σ. Line 
scans of (c) the water droplet and (d) the electrogenerated chemiluminescence pattern, which 
may be evaluated at 1.5σ to determine the diameter of the feature. Images were obtained using a 
5x objective at a resolution of 1.23 pixels per micron. All line scan analyses were performed 
using open-source ImageJ software.  
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 Additional images are given in Figure 6.4. A schematic representation of the droplet-
confined electrogenerated chemiluminescence process is shown in Figure 6.1d, and the reaction 
mechanism is shown in Figure 6.1e for photon emission at 610 nm.36 Importantly, the presence 
of 0.5 M [TBA][ClO4] in the continuous phase serves as a non-aqueous supporting electrolyte 
and may also serve as a charge balance mediator by the transfer of [ClO4]
- across the 1,2-
dichloroethane|water phase boundary as the oxidation of the droplet contents progresses.27 Cyclic 
voltammograms for all redox species investigated are included in Figure 6.2 and were used to 
determine the potential necessary to drive the electrogenerated chemiluminescence reaction. 
  
Figure 6.4 – Line Scans for Small Droplets – High magnification image highlighting water 
droplets with contact radii on the lower end of the curve. A line scan analysis permits the 
analytical extraction of the contact radius by acquiring the signal at a noise threshold of 1.5σ. 
Droplets with contact radii below 4 µm display low signal-to-noise. electrogenerated 
chemiluminescence image acquired in a dark-box with an exposure time of 5 seconds correlated 
with the amperometric pulse. Optical image acquired with a 5x/0.12 objective under conditions 
of oblique illumination.  
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Plotting the droplet radius as a function of the contact radius over 128 individual 
microdroplets reveals a linear dependence, shown in Figure 6.1f. While we have evaluated the 
precision of our measurement and conclude the study of sub-micrometer nanodroplets is limited 
by the current technique, it is interesting to extrapolate the trend in Figure 6.1f to nanodroplets 
that are commonly studied in the stochastic electrochemistry literature.33-35 For instance, Bard 
and co-workers previously calculated the contact radius for nitrobenzene droplets on a carbon 
surface approached 5 nm for nanodroplet radii of ca. 500 nm based on bulk electrolysis theory.35 
Our independent results extrapolated from Figure 6.1 suggest contact radii on the order of 200 
nm for aqueous droplets with radii of 500 nm. This contact radius is 40x times larger than 
contact radii calculated by fitting the stochastic collision response to bulk electrolysis theory. 
The experimental difference may be further attributed to the interfacial Gibbs free energy that 
governs the equilibrium contact angle (i.e. the degree of wetting), which is highly dependent on 
the properties of the liquid and solid phases (i.e. choice of immiscible solvents, concentration of 
salt or surfactant species, surface roughness, surface charge relative to the point of zero charge) 
in addition to the forces which act on the droplet (i.e. buoyancy).39-41 Thus, while the linear 
dependence of contact radius on droplet size holds in the experimentally investigated range (10-
60 µm), deviations may arise at the nanodroplet scale. 
 
6.2 Quantifying Solvent Entrapment 
 
 During some of these experiments, the droplets began to wet the electrode surface in a 
non-symmetric manner, and the electrogenerated chemiluminescence images began exhibiting 
dark features within the contact area. We hypothesized these dark features to originate from 1,2-
dichloroethane solvent pockets trapped between the aqueous and electrode phases (Figure 6.5a). 
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The appearance of immiscible liquid droplets within the adsorbed water microdroplets was 
observed with optical microscopy (Figure 6.5b), and the resulting electrogenerated 
chemiluminescence response showed that the signal was blocked over these portions of the 
electrode surface (Figure 6.5c). An overlay of these images reveals a distinct correlation 
between the apparent droplet contact area and the electrogenerated chemiluminescence signal, 
with trapped solvent pockets revealed most clearly by the electrogenerated chemiluminescence 
imaging  (Figure 6.5d).  
 
Figure 6.5 – Visualizing Solvent Entrapment – (a) Schematic representation showing droplet-
confined electrogenerated chemiluminescence to illuminate entrapped solvent pockets. Due to 
the insolubility of oxalate in the 1,2-dichloroethane phase, the electrogenerated 
chemiluminescence signal is not present within the solvent pocket, permitting quantification of 
the aqueous and solvent contact area via optical microscopy. (b) Optical image showing the 
glassy carbon electrode surface covered with aqueous microdroplets, which are loaded with 50 
mM oxalate and 10 mM Ru[bpy]2+. (c) Upon the application of 1.3 V vs Ag/AgCl to the 
electrode surface, radical annihilation produces an electrogenerated chemiluminescence signal 
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that illuminates the aqueous/electrode contact area and provides contrast to measure entrapped 
solvent pockets. (d) Overlaid optical and electrogenerated chemiluminescence images.   
 
 Importantly, the electrode surface was observed to be free of contamination prior to 
microdroplet adsorption using microscopy, indicating that the observed features were not the 
result of residual solids but result from confined solvent. We note that the system generated by 
sonication begins as a water-in-oil emulsion23, 42, meaning that any double emulsion marked by 
the observation of solvent pockets results from the collision of water droplets with the electrode 
surface. Due to this formation mechanism, it is unlikely that solvent pockets desorb and exist as 
freely diffusing entities within the water droplets. 
 
Figure 6.6 – Line Scans of Solvent Pockets – Line scans of (a) the water droplet and (b) the 
electrogenerated chemiluminescence pattern, demonstrating the enhanced contrast offered by 
droplet-confined electrogenerated chemiluminescence for identifying solvent pockets. All line 
scan analyses were performed using open-source ImageJ software.  
In order to quantify the contrast advantage offered by droplet-confined electrogenerated 
chemiluminescence, we examined a droplet containing a solvent pocket visible by optical 
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microscopy (Figure 6.6a). A line scan over the image reveals doublet peaks on each edge of the 
droplet, an effect which stems from the hydrophobicity of the carbon surface repelling the water 
droplet (θ > 90°, rcontact < rdroplet).
43 Thus, the distance between the outer peaks represents the 
diameter of the droplet (119 µm), and the distance between the inner peaks represents the contact 
diameter (92 µm). Based on the contrast of the optical image (and confirmed by the 
electrogenerated chemiluminescence image), it is clear that non-symmetric surface wetting 
prevents an analysis of the contact area via the apparent contact diameter. The line scan analysis 
also reveals a small peak within the droplet at ca. 100 µm, which may be assigned to a solvent 
pocket within the aqueous microdroplet. Examining the optical image alone, the signal-to-noise 
is too low to clearly assign a width of the trapped solvent pocket. Indeed, in most images the 
solvent pockets are entirely unresolved due to the low contrast between the 1,2-dichloroethane (n 
=1.44) and water (n = 1.33) phases. Figure 6.6b shows an electrogenerated chemiluminescence 
image of the same droplet, where the aqueous/electrode contact area shows an intense 
luminescence due to the electrogenerated chemiluminescence reaction. In this image, the solvent 
pocket is significantly more resolved due to the insolubility of the electrogenerated 
chemiluminescence reactants in the 1,2-dichloroethane phase. The line scan for this image 
unambiguously shows the solvent pocket at ca. 100 µm as the intensity drops to baseline values 
over a distance of 12.5 µm, demonstrating the signal-to-noise advantage offered by droplet-
confined electrogenerated chemiluminescence for mapping solvent entrapment. Importantly, we 
cannot rule out the presence of diffraction-limited solvent pockets within the droplets using the 
presented method. There are several physical forces at play during the dynamic collision of a 
droplet with the electrode surface that may influence observable solvent entrapment. These 
forces range from droplet momentum to surface tension and buoyancy to electrostatics due to the 
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droplet charge and droplet hydrophobicity/hydrophilicity. One further must consider the 
aggregation of droplets on the surface, as well as the treatment of the electrode (i.e., polishing) 
prior to the experiment. As droplets decrease in size, they become more rigid and behave more as 
hard spheres44, which may explain why solvent entrapment is not observed for smaller droplets. 
 
Figure 6.7 –  Statistical Analyses for Solvent Entrapment – (a) Histogram showing droplet 
diameters measured via optical microscopy containing either no solvent pockets or one or more 
solvent pockets. An empirical transition point for droplets below 50 µm in diameter is marked by 
a dotted line, signifying the maximum size at which no solvent pockets are commonly observed. 
(b) Scatter plot showing the distribution of contact area values obtained by evaluating the 
apparent contact area (solvent pockets omitted, top) and corrected contact area (solvent pockets 
accounted for, bottom) with the mean marked by a vertical bar. The inset shows a magnification 
of values between 0 and 9000 µm2. Over the entire dataset, the mean corrected discrepancy 
approached 2%. (c) Scatterplot showing the increasing average discrepancy in the apparent 
contact radius as a function of the number of solvent pockets contained within the droplet.  
 
Electrogenerated chemiluminescence mapping may be employed to quantitively answer 
two significant questions with respect to solvent entrapment: (1) Is there a correlation between 
droplet size and the presence of solvent pockets? and (2) How much discrepancy is represented 
by entrapped solvent area in the total contact area measurement? Because the collision of a water 
droplet with the electrode surface must displace a certain volume of 1,2-dichloroethane, it is 
intuitive that larger droplets may be more likely to cause the formation of solvent pockets upon 
collision. To quantify this effect, we tabulated the number of solvent pockets per droplet and 
their respective diameters (N=125). Figure 6.7a shows two overlaid histograms of these data, 
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one representing the frequency of droplets of a particular diameter that showed no solvent 
pockets, and one showing the frequency of droplets that showed at least one pocket. The 
intersection of these histograms at diameters of ca. 50 µm suggests that droplets smaller than 50 
µm are statistically favored to contain no solvent pockets, while droplets with diameters 
exceeding 50 µm are more likely to show the presence of pockets. Notably, the distribution of 
droplets without pockets extends to around 100 µm in diameter, after which the droplets always 
contained pockets. Therefore, if pockets are undesired, these data suggest the optimal droplet 
diameter should fall below 50 µm, whereas if many pockets are desired, droplets with diameters 
greater than 100 µm may be employed. Importantly, these results are likely system-specific due 
to the unique materials, surface tensions, and other solvent interactions at play. However, the 
ease with which droplet-confined electrogenerated chemiluminescence experiments may be 
accomplished suggests applicability to a broad range of multiphase systems.  
The contact area of a given microdroplet may be estimated by the contrast presented in 
the optical image. However, such an estimate may omit unresolved solvent pockets within the 
droplet, as demonstrated in Figure 6.6. Thus, these approximations overestimate the contact 
area, introducing a discrepancy into any electrochemical analysis through use of the bulk 
electrolysis equation.34 Electrogenerated chemiluminescence imaging permits the quantification 
of this discrepancy, as shown in Figure 6.7b. This figure shows a comparison of the two 
distributions as a scatter plot with the mean marked by a vertical bar. The inset shows a 
magnification of values between 0 and 9000 µm2. While slight differences may be observed in 
the distribution, the mean value only changes by ca. 2% when solvent pockets are considered. 
This suggests a minor contribution to the discrepancy introduced by solvent pockets in the 
aqueous droplet systems. However, the discrepancy introduced by solvent pockets appears to 
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scale with the number of pockets located in a given droplet (Figure 6.7c), with larger droplets 
showing a higher degree of discrepancy due to solvent pockets. Despite the small change in the 
mean contact area, the presence of solvent pockets and their role in studying reactivity at phase 
boundaries cannot be neglected moving forward. Finally, we note that it is possible that solvent 
pockets smaller than the diffraction limit of light (and, thus, unmeasurable using this platform) 
exist. Therefore, further work is needed to elucidate the presence and contribution of entrapped 
solvents such as the liquids studied here, or, more relevant to aerosol particles, entrapped air 
pockets.45 
 
Figure 6.8 – Solvent Entrapment on a Pt Electrode – (a) Optical image of a platinum 
electrode surface covered with aqueous microdroplets, which are loaded with 50 mM oxalate and 
10 mM [Ru(bpy)3]
2+. (b) Upon the application of 1.3 V vs Ag/AgCl to the electrode surface, 
radical annihilation produces an electrogenerated chemiluminescence signal that illuminates the 
aqueous/electrode contact area and provides contrast to measure entrapped solvent pockets. (c) 
Overlaid optical and electrogenerated chemiluminescence images.   
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 To probe the effect the substrate material, we replaced the glassy carbon surface with a 
platinum surface. Due to the favorable kinetics for water and platinum oxidation compared to 
oxalate oxidation37, the electrogenerated chemiluminescence signal was significantly decreased, 
as seen in Figure 6.8. However, solvent pockets are still visible within the droplets on this 
surface, indicating the generalizability of this technique. Notably, this technique may be 
particularly helpful for discriminating adsorbed and freely diffusing solvent pockets, as the 
electrogenerated chemiluminescence signal is confined to the electrode surface. Surface 
confinement renders electrogenerated chemiluminescence superior to photoluminescence in 
elucidating surface processes in multiphase systems.7, 8 In contrast, imaging by 
photoluminescence would not allow these two features to be distinguished with the excellent 
contrast provided by electrogenerated chemiluminescence. We also explored the effect of the 
organic electrolyte concentration using 0.25 and 0.5 M [TBA][ClO4]. The high resistivity of 1,2-
dichloroethane necessitates the use of a supporting electrolyte to reduce iR-drop on 
macroelectrodes. Furthermore, the oxidation of the confined luminophore and co-reactant 
requires an ion transfer step across the water/oil liquid boundary to maintain charge neutrality, a 
process possibly facilitated by the insertion of the perchlorate anion.28, 46  






































































Figure 6.9 – Solvent Pocket Occurrence as a Function of Electrolyte Concentration – (a) 
Histogram showing the distribution of droplets with either 0 or ≥1 observed solvent pocket at an 
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organic electrolyte concentration of 0.25 M [TBA][ClO4]. (b) Histogram showing the 
distribution of droplets with either 0 or ≥1 observed solvent pocket at an organic electrolyte 
concentration of 0.5 M [TBA][ClO4]. 
 
 Figure 6.9 shows two histograms of droplet size grouped by the appearance of entrapped 
solvent pockets at 0.25 and 0.5 M [TBA][ClO4]. When these data are represented by the average 
droplet diameter for a given number of solvent pockets, an intuitive positive trend emerges, 
indicating that larger droplets are more likely to contain a greater number of solvent pockets 
(Figure 6.10).47, 48  However, when the data are directly compared via an Analysis of Variance 
(ANOVA), no statistical significance between 0.1, 0.25, and 0.5 M [TBA][ClO4] was observed. 
Our technique represents a facile method to explore the effect of various experimental 
parameters on the droplet contact geometry and phase characteristics. 

























Figure 6.10 – Statistical Evaluation of the Effect of Electrolyte Concentration – Scatter plot 
showing the average droplet diameter wherein a given number of entrapped solvent pockets were 
observed. Though there is an expected net-positive trend (i.e., as the droplets increase in size, the 
number of pockets tends to increase), no statistically significant difference between the three 
concentrations of [TBA][ClO4] was shown by an Analysis of Variance (ANOVA) test. 
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 We have demonstrated the application of droplet-confined electrogenerated 
chemiluminescence as a quantitative tool to map solvent entrapment in multiphase systems. In 
contrast to photoluminescent techniques, the application of electrogenerated chemiluminescence 
permits the selective imaging of the droplet/electrode interface to elucidate the contact geometry 
and presence of phase heterogeneities (i.e., solvent pockets). The selective imaging of the two-
dimensional contact interface was achieved by selecting hydrophilic electrogenerated 
chemiluminescence reagents ([Ru(bpy)3]
2+ and oxalate) to confine the electrogenerated 
chemiluminescence reaction to the aqueous phase. Three important conclusions are evidenced by 
the experimental results. First, droplets do not always wet electrode surfaces symmetrically, and 
correlated microscopy experiments should be used to verify the droplet/electrode contact 
geometry prior to use of any geometry-dependent modeling. Second, double emulsions may be 
formed upon droplet collision with an electrode surface, introducing solvent pockets into the 
contact area. Third, the discrepancy introduced into the optical measurement of the contact area 
by the presence of solvent pockets is largely insignificant (< 5%), but increases as the droplet 
size increases. Overall, the method presented here provides a simple, effective means of 
evaluating the geometry, size, and phase content of the droplet/electrode contact area. These 
results represent a step toward a deeper fundamental understanding of heterogeneous multiphasic 
systems used in single entity electrochemistry and may inform practical efforts to enhance 
electrosynthetic activity exploiting emulsion systems. 
 
6.3 Quantifying Three-Phase Boundary Width 
 
While the previously discussed electrogenerated chemiluminescence imaging 
experiments capture the entirety of the water|electrode boundary to provide contrast with the oil 
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phase, tuning the solubility of the luminophore or co-reactant permits an exclusive visualization 
of the three-phase boundary, also known as the triple boundary49, where the water and oil phases 
meet the electrode surface. Molecular dynamics and non-linear spectroscopy have offered insight 
into the dimensions of the water|1,2-dichloroethane interface, predicting a boundary thickness of 
up to 1 nm.50-52 However, electrochemical experiments have offered variable values of the 
boundary thickness. Compton et al. reported the selective electrodeposition of copper at the three 
phase boundary, measuring copper ring thicknesses in Scanning Electron Microscopy on the 
order of 2 µm.53 Chen et al. and Aoki et al. modeled the interface as a band electrode for the 
boundary-confined oxidation of ferrocene from oil microdroplets, reporting thicknesses on the 
order of 20 µm and 50 µm, respectively.12, 54 Polypyrrole has been electropolymerized 
selectively at the three-phase boundary, resulting in a 50 µm thick polymer sheet observed by 
optical microscopy.55  These results attained by driving electrochemical reactions at the 
boundary are in stark contrast to those calculated from molecular dynamics and attained 
experimentally from nonlinear spectroscopy. Thus, the introduction of an electrode and 
polarization state potentially alters the dynamics of the three-phase boundary. For instance, 
Unwin and co-workers found that a polarized interface undergoes significant expansion during 
the transfer of tetraethylammonium from water to 1,2-dichloroethane, indicating the thickness of 
the interface is not static.56 While the two-phase interface was previously measured by Sojic and 
coworkers7, the three-phase boundary has not been imaged via correlated electrochemistry and 
microscopy to our knowledge.  
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Figure 6.11 – Three Phase Boundary Visualization – (a) Optical image of a water 
microdroplet loaded with 50 mM sodium oxalate (co-reactant) in acetate buffer adsorbed to a 1.5 
mm radius glassy carbon electrode. 10 mM [Ru(dmbpy)3](PF6)2 (luminophore) and 0.5 M 
TBAClO4 was dissolved in the oil phase. Neither molecule was found to be soluble in both 
phases. (b) Oxidation of the luminophore in the oil phase and the co-reactant in the water phase 
at 1.4 V vs Ag/AgCl results in an electrogenerated chemiluminescence signal isolated at the 
three-phase oil/water/electrode interface false-colored red. (c) Overlay of the optical and 
electrogenerated chemiluminescence images. (d) Additional three-phase electrogenerated 
chemiluminescence response of microdroplets ranging from 20-100 µm in radius. The average 
boundary thickness was found to be 9±3 µm, N = 138 microdroplets. (e) Schematic 
representation of the proposed three-phase electrogenerated chemiluminescence mechanism 
shown with a perpendicular geometry for clarity. A silver chloride wire and platinum wire served 
as the reference and counter electrode, respectively. The exposure time was 10 s. Scale bars are 
50 µm.  
 
Figure 6.11a shows an optical image of a water microdroplet loaded with 50 mM sodium 
oxalate in acetate buffer (pH = 5.85). The 1,2-dichloroethane phase contains 0.5 M [TBA][ClO4] 
and 10 mM Ru[(dmbpy)3](PF6)2, a methylated [Ru(bpy)3]
2+ derivative that is preferentially 
soluble in the 1,2-dichloroethane phase in both oxidation states. The insolubility of the 
luminophore in the aqueous phase and the co-reactant in the organic phase is essential to ensure 
the reaction is confined to the boundary.57 Thus, upon the application of 1.4 V vs Ag/AgCl, 
radical annihilation occurs adjacent to the electrode surface and liquid|liquid phase boundary line 
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(Figure 6.11b). The overlaid image in Figure 6.11c confirms the origin of the electrogenerated 
chemiluminescence signal at the water|1,2-dichloroethane|electrode boundary, with additional 
examples over 13 individual microdroplets shown in Figure 6.11d. The average thickness of the 
boundary was 9±3 µm (N = 138 individual droplets).  
The measured boundary thickness is complicated by mass transfer, chemical, and optical 
factors. For instance, the generation of oxidized species is accompanied by a concentration 
gradient at the electrode surface, around, and within water droplets. Radical and excited state 
lifetimes for CO2˙ and [Ru(bpy)3]
2+* are on the order of 10 ns58 and 900 ns59, respectively, 
suggesting a diffusion distance of 7 and 17 nanometers, respectively (DCO2˙ = 2.7x10
-5 cm2 s-1 58, 
DRu(dmbpy)3 = 1.75x10
-6 cm2 s-1 as determined by cyclic voltammogram in Figure 6.2. While these 
excited state lifetimes were obtained in DMF and acetonitrile, respectively, they offer an 
approximation of the total diffusion distance in the 1,2-dichloroethane and aqueous phases. The 
homogeneous reaction between [Ru(dmbpy)3]
3+ and oxalate has been shown to generate 
electrogenerated chemiluminescence, which may contribute to the measured thickness. However, 
in a previous report, the light generated from this pathway was slightly observable above 
instrument noise.57 Various optical effects may also be at play due to the different refractive 
indices of the multiphase system (1.33 and 1.44 for water and 1,2-dichloroethane, respectively), 
which our analysis does not consider. Furthermore, the generated photons must also travel 
through glass and air into the lens prior to image acquisition. Figure 6.12 in the Supporting 
Information provides an image of an aqueous droplet on a roughened glassy carbon surface. If 
significant distortion occurred, one would expect an appreciable difference in the optical image 
of defects inside and outside the droplet. From Figure 6.12, many defects traverse both aqueous 
and oil phases, and obvious difference in the thickness and resolution are not apparent. 
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Interestingly, this type of experiment could be extended to using droplets to magnify surface 
features by tuning droplet properties (i.e., solvent, content, curvature, electrode surface material). 
Quantifying the optical effect of droplet curvature and relative refractive index will be the 
subject of future investigations.  
 
Figure 6.12 – Evaluation of Refraction – Reflectance optical image of a water droplet on a 
rough glassy carbon surface illuminated at 700 nm. The surface defects incident on the electrode 
do not show significant distortion when traversing the dichloroethane/water interface. 
While the presented results contrast those of spectroscopic methods examining two-phase 
systems50-52, our experiments include the addition of a third phase boundary (the electrode) as 
well as the dynamic process of driving an interfacial reaction at the boundary (i.e., mass transfer 
of charged species across the boundary). Furthermore, the measured boundary thickness in this 
work is commensurate with the aforementioned reports in the electrochemical literature. We also 
found that this boundary thickness decreased with droplet size. Representative line scans for 
these measurements are given in Figure 6.13. 
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Figure 6.13 – Line Scan Analyses for Three-Phase Boundary Width – Typical intensity 
profile for imaging the three-phase boundary using (a) electrogenerated chemiluminescence and 
(b) optical microscopy. The profile shows the electrogenerated chemiluminescence signal 
confined to the inner diameter of the droplet shown in optical image, which generate a profile 
from which the width of the boundary may be approximated at 3σ.  Images obtained with a 20x 
objective at a resolution of 3.08 pixels per micron. The scale bar is 50 µm. (c) Plot of droplet 
diameter determined from optical microscopy vs the measured width of the electrogenerated 
chemiluminescence signal generated at the three-phase boundary. An average width of 9 ± 3 um 
is obtained from this analysis. 
 
Importantly, the microdroplets did not show observable morphological shifts due to the 
applied potential (Figure 6.14).  Because of the concentrated electric field at the three-phase 
interface, solvated ions will enter or exit the aqueous phase60, 61, generating a turbulent mixing 
region (Figure 2e).56 This could result in the formation of a nano- or microemulsion at the 
droplet interface, which has been previously observed, and may partially explain the measured 
thickness.54, 62-64 Exploring the mechanism of interfacial broadening under polarization and its 
dependence on the transferring ionic species and liquid phases will be the subject of future 
investigations. 
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Figure 6.14 – Effect of Potential on Droplet Morphology –  Optical images obtained at 700 
nm external illumination showing the water microdroplets loaded with 50 mM oxalate in 0.1 M 
acetate buffer adsorbed to the surface of a glassy carbon macroelectrode. The continuous 1,2-
dichloroethane phase contains 10 mM [Ru(dmbpy)3+](PF6)2 and 0.5 M [TBA][ClO4]. These 
images indicate that no significant morphological change occurs over the course of the 10 s 
experiment where 1.4 V vs Ag/AgCl is applied to the electrode surface. Small disturbances in the 
aqueous phase are observed at high magnifications while may be due to the previously reported 
nanoemulsion formation presented in the main text62-64, or the formation of precipitates. 
 
6.4 Conclusion and Outlook 
 
In sum, we have demonstrated the extension of electrogenerated chemiluminescence to 
visualize the boundaries of multiphase systems. Phase boundaries formed using microdroplets 
were imaged by tuning the solubility of the luminophore/co-reactant couple in either the water or 
1,2-dichloroethane phase. Selectively dissolving the electrogenerated chemiluminescence 
luminophore and co-reactant in the water microdroplets allowed visualization and quantification 
of microdroplet contact radii. The thickness of the three-phase boundary at a water|1,2-
dichloroethane|glassy carbon electrode interface was quantified by selectively dissolving the co-
reactant in the water microdroplet and the luminophore in the 1,2-dichloroethane continuous 
phase. Selectively imaging phase boundaries with electrogenerated chemiluminescence provides 
excellent contrast and permits a powerful interrogation of the interfaces essential to various 
chemical and physical processes. 
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Several future studies may provide answers to questions raised by these studies.  
1. Is the thickness of the three-phase boundary dependent on the ion transfer process? 
Non-linear spectroscopy suggest two-phase boundaries are on the nanometer length 
scale; however, the results (and other electrochemical studies) suggest they may be 
much thicker under an applied bias. Molecular dynamics simulations and empirical 
results using different ion transfer mediators may be pursued to understand the 
dependence of the boundary width on this process.  
2. Can the resolution of this technique be extended to image nanodroplet contact radii? 
Currently, bulk electrolysis is commonly used to estimate this parameter, but these 
calculations and fits require significant assumptions (e.g., static contact area, 
diffusional mass transfer). New techniques are required to image this interface in 
order to corroborate the results of bulk electrolysis calculations.  
3. What role do entrapped solvent pockets play on the reactivity of the droplet interface? 
Are they unreactive due to greater ion transfer potential differences/larger 
overpotentials for solvent decomposition? Do they only exist in sizes able to be 
imaged by this technique, or does the electrode interface have a finite number of 
nano-sized pockets trapped during the collision process? If true, this phenomenon 
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APPENDIX 1 – COMPLETE NANOPARTICLE GROWTH MODEL 
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A.1 – General Model Assumptions 
 
A. Mixing of droplet contents via mass transfer is fast. This condition would be satisfied 
provided the time taken for species to transverse the droplet is small in comparison to the 
experimental timescale. E.g., for diffusion, this time would be Δ𝑡 ≈ 𝑟𝑑
2/𝐷, where 𝑟𝑑 is the 
droplet radius and 𝐷 the diffusion coefficient of species in solution. A typical value for this 
time would be on the order of ms. 
B. The rate of particle growth is determined solely via heterogeneous kinetics or mass transfer 
in solution. Intermediate cases are not treated. The validity of these assumptions are 
discussed in the context of rigorous finite element simulations after exact models are 
presented for the limiting cases. 
C. The particles being deposited are hemispherical in shape. Previous experiments agree with 
this assumption. The model could be straightforwardly applied to spherical geometries, as 
well.1-3 
 
A.2 – The General Model 
 
The concentration of a nanoparticle (nanoparticle) precursor species (e.g., palatinate, 𝐶) in bulk 
solution changes according to the following general equation: 
𝜕𝐶
𝜕𝑡
= −∇ ⋅ 𝑱 𝑆1 
where 𝑱 is the flux of species in solution. In a spherically symmetric geometry, such as the 
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where 𝐽𝑟 is the flux along the 𝑟-direction (normal to the surface of a growing nanoparticle). This 




     𝜏 =
𝐷𝑡
𝑟𝑓
2      𝜌 =
𝑟
𝑟𝑓




Here, 𝐶𝑖 is the initial concentration of precursor species in solution, 𝐷 is the diffusion coefficient 
of this species, and 𝑟𝑓 is the final radius of a deposited particle, which is a function of precursor 
concentration, droplet size, and the molar volume of the nanoparticle material (𝑉𝑚). Assuming a 
hemispherical geometry for the nanoparticle and droplet, the following expression relating 𝑟𝑓 to 
the droplet radius (𝑟𝑑) is valid: 
𝑁𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒 = 𝑁𝑑𝑟𝑜𝑝𝑙𝑒𝑡      ⇒      
𝑉𝑓
𝑉𝑚
= 𝐶𝑖𝑉𝑑      ⇒      𝑟𝑓
3 = 𝑟𝑑
3𝐶𝑖𝑉𝑚 𝑆4 
Here, 𝑉𝑓 is the final nanoparticle volume, 𝑉𝑑 is the droplet volume, and 𝑁 is moles of species. 
Making the above substitutions results in the following dimensionless differential equation 









The reaction rate at the nanoparticle surface will be described by some flux at 𝑟 = 𝑟0, the radius 
of the nanoparticle. This flux will be denoted 𝐽𝑟0 (the corresponding dimensionless flux will be 
𝛾𝑟0). In terms of this flux, the total reaction rate across the growing nanoparticle (in mol/s) is: 
𝜕𝑁
𝜕𝑡
= −𝐽𝑟0𝐴 𝑆6 
where 𝑁 is the moles of nanoparticle material and 𝐴 is the surface area of the nanoparticle. This 




     𝐴 = 2𝜋𝑟0
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Here, 𝜂 represents the dimensionless moles of species in the nanoparticle and 𝜌0 the 
















Finally, a relation is needed describing how the nanoparticle radius changes with time. This can 


















































Based on the above discussion, the general model employed here can be summarized through the 
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     𝜏 =
𝐷𝑡
𝑟𝑓
2      𝜌 =
𝑟
𝑟𝑓
     𝛾𝑟 =
𝐽𝑟𝑟𝑓
𝐷𝐶𝑖
     𝜌0 =
𝑟0
𝑟𝑓
     𝜂 =
𝑁
𝐶𝑖𝑉𝑑




Thus, the behavior of a particular deposition event will depend on the droplet size (𝑅) and the 
exact form of the flux expression, 𝛾𝑟. We will examine two limiting cases below (pure kinetic 
and diffusion control), and analyze the accuracy of resulting analytical expressions for the 
current in these systems through comparisons to exact finite element models. 
 
 
A.2.1 – Kinetically-Limited Growth in the Fast-Mixing Regime 
 
When the kinetics of nanoparticle growth are rate-limiting, one can make the assumption that the 
surface flux follows the general expression: 
𝐽𝑟0 = −𝑘𝐶 𝑆17 
where 𝑘 is a heterogeneous rate constant (in cm/s) and 𝐶 is the concentration at the nanoparticle 
surface. Further, if mass transfer of precursor species within the droplet is fast, 𝐶 will be constant 
throughout the droplet: 
𝜕𝐶
𝜕𝑟
≈ 0 𝑆18 
Under these conditions, the concentration at the nanoparticle surface is always directly related to 
the size of the nanoparticle itself: 




Substituting dimensionless parameters in these expressions yields: 
𝐽𝑟0 = −𝑘𝐶     ⇒      𝛾𝑟0 = −𝜅𝜒 𝑆20 
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𝐶 ≈ 𝐶𝑖 (1 −
𝑁
𝐶𝑖𝑉𝑑
)     ⇒      𝜒 ≈ 1 − 𝜂 = 1 − 𝜌0
3 𝑆21 





















In this situation, a more natural timescale could be chosen as the time divided by the classical 







































The differential equation for 𝜌0 can be separated and integrated directly to yield an exact 













ln(1 + 𝜌0 + 𝜌0







= 𝜏𝑒𝑘 𝑆29 
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At short times (𝜌0 ≈ 0), the following approximations for terms in this expression can be 
employed: 
ln(1 + 𝜌0 + 𝜌0




+ ⋯ 𝑆30 


















+ ⋯ 𝑆32 
Employing these approximations yields the following dimensionless expressions for nanoparticle 















Inserting explicit expressions for 𝜌0, 𝜏𝑒𝑘, and 𝜂 recovers the results of classical nucleation 
theory, which treats an infinite solution volume: 




Alternatively, at long times (𝜌0 ≈ 1), the following approximations can be employed: 
ln(1 + 𝜌0 + 𝜌0








Inserting these approximations yields the following relationship, valid at long times: 
3 ln 3 + √3𝜋
6
− ln(1 − 𝜌0) ≈ 𝜏𝑒𝑘 𝑆39 
Which can be rearranged to yield: 
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9 ln 3 + √3𝜋
6
≈ 2.555 𝑆41 
Here, 𝜏𝑖𝑘 represents an “induction time” for electrolysis due to nucleation. This is clear in 





3) ≈ 1 − 𝜌0












𝑒−3(𝜏𝑒𝑘−𝜏𝑖𝑘)] ≈ 𝑒−(𝜏𝑒𝑘−𝜏𝑖𝑘) 𝑆42 






𝑡𝑖𝑘 = 𝑡𝑒𝑘 (
9 ln 3 + √3𝜋
6
) 𝑆44 
This expression is just the result of classical electrolysis theory for a hemispherical electrode of 
radius 𝑟𝑓, shifted by the induction time mentioned above. 
 
A.2.2 – Diffusion-Limited Growth 
A solution for the diffusion-limited case can be found by considering the flux of species in 
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The current in the system would follow from this equation, along with appropriate boundary 
conditions at the particle surface (zero concentration) and droplet boundary (zero flux): 










= 0 𝑆48 
It is helpful to first consider the general solution for a particle of constant radius 𝜌0 = 1 (i.e., a 
hemispherical electrode within a finite hemispherical shell of solution), which itself is a 
nontrivial problem. A solution can be found by applying the method of separation of variables: 
𝜒(𝜏, 𝜌) = Τ(𝜏)Ρ(𝜌) 𝑆49 
Where the concentration is expressed as a product of two functions, dependent solely on time 
















] = −𝜆2 𝑆50 




The solutions for Ρ are spherical Bessel functions of zeroth order: 












′ 𝑦0(𝜆𝜌)] 𝑆54 
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Here, the 𝐴 constant has been absorbed into the 𝐵′ constants. These constants, along with the 
possible values for 𝜆, are found through the application of the above mentioned boundary 
conditions. Applying the condition at 𝜌 = 𝜌0 yields: 
𝐵𝑗
′ = 𝐵𝑦




2𝜏[cot 𝜆  𝑗0(𝜆𝜌) + 𝑦0(𝜆𝜌)] 𝑆56 








) 𝑗0(𝜆𝜌) − (𝜆 cot 𝜆 +
1
𝜌
) 𝑦0(𝜆𝜌)] 𝑆57 
Setting this expression equal to 0, substituting 𝜌 = 𝑅, and rearranging yields: 
𝜆𝑅 =
tan 𝜆𝑅 − tan 𝜆
1 + tan 𝜆𝑅 tan 𝜆
= tan(𝜆𝑅 − 𝜆) 𝑆58 
Solutions to this equation define the values of 𝜆 possible for a given value of 𝑅, of which there 
are an infinite number. Therefore, the solution to 𝜒 will generally be an infinite sum: 





Ρ𝑚 = cot 𝜆𝑚  𝑗0(𝜆𝑚𝜌) + 𝑦0(𝜆𝑚𝜌) 𝑆60 
Each coefficient 𝐵𝑚
′  can be evaluated using the initial condition 𝜒𝜏=0 = 1: 
∫ 𝜒(𝜌, 0) 𝜌2𝑑𝜌
𝑅
1
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Any pair of solutions with different eigenvalues (𝑚 ≠ 𝑛) are orthogonal,4 and solutions to this 











The above relations for 𝜒, Ρ𝑚, 𝐵𝑚
′ , and 𝜆 constitute the general solution to this problem. At all 
but the shortest timescales (before the diffusion layer thickness becomes comparable to the 
particle radius), only the term with the smallest value for 𝜆𝑚 (𝑚 = 1) will contribute to 𝜒, and it 





In this case, a value for 𝜆1 can be estimated by rewriting the relationship between 𝑅 and 𝜆 as: 







When 𝑅 ≫ 1, this equation will be satisfied when 𝜆𝑅 − 𝜆 ≈ 0. Under these conditions, an 
approximate expression for tan(𝜆𝑅 − 𝜆) can be employed: 



















Using this value, the expression for Ρ1 can be greatly simplified, since the product 𝜆1𝜌 is 







     𝑗0(𝜆1𝜌) =
sin 𝜆1𝜌
𝜆1𝜌



























∫ (𝜌2 − 𝜌)𝑑𝜌
𝑅
1














≈ 𝜆1 𝑆72 
Thus, the complete expression for 𝜒 is: 
𝜒 = 𝐵1𝑒
−𝜆1


































Reinserting explicit quantities in these expressions yields: 


















Here, 𝑡𝑒𝑑 is the classical diffusion-limited electrolysis time and 𝑚 is the mass transfer coefficient 
for a hemispherical electrode of radius 𝑟𝑓. Thus, the concentration profile within the finite 
droplet maintains an essentially constant shape throughout the electrolysis process, and the 
current follows exactly what one would expect based on simple electrolysis theory. 
This result, valid for large 𝑅, suggests that the classical mass-transfer limited expressions can be 
applied to particle growth within a finite droplet, where the radius and bulk concentration change 
dynamically: 
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𝐽𝑟0 = −𝑚𝐶 = −
𝐷𝐶
𝑟0




If 𝑅 is large, the concentration throughout the droplet will be essentially constant, making the 
relationship between particle size and concentration employed in the kinetically-limited case 
again valid: 
𝐶 ≈ 𝐶𝑖 (1 −
𝑁
𝐶𝑖𝑉𝑑
)     ⇒      𝜒 ≈ 1 − 𝜂 = 1 − 𝜌0
3 𝑆79 





























Similar to the kinetic case above, a more natural timescale could be chosen as the time divided 




































= (1 − 𝜌0
3)𝜌0 𝑆84 















ln(1 + 𝜌0 + 𝜌0







= 𝜏𝑒𝑘 𝑆86 
At short times (𝜌0 ≈ 0), employing the same approximations as in the kinetically-limited case 







= (1 − 𝜌0




Inserting explicit expressions again results in the expressions of classical nucleation theory: 





Alternatively, at long times (𝜌0 ≈ 1), the approximations employed above result in the following 
expressions for the particle size and current: 






≈ 𝑒−(𝜏𝑒𝑑−𝜏𝑖𝑑) 𝑆92 
𝜏𝑖𝑑 =
9 ln 3 − √3𝜋
6
≈ 0.741 𝑆93 





𝑡𝑖𝑑 = 𝑡𝑒𝑑 (
9 ln 3−√3𝜋
6
) 𝑆95 
